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ABSTRACT 

Superfluid helium (He II) contained in porous media is examined.  In particular, heat 

transfer experiments were performed on He II contained in random packs of uniform size 

polyethylene spheres.  Measured results include the steady state temperature and pressure 

drops across packs of spheres (35 m, 49 m, and 98 m diameter) and the associated steady, 

step, and pulse heat inputs.  Bath temperatures range from 1.6 K to 2.1 K to help grasp the 

superfluid effects.  Laminar, turbulent, and transitional fluid flow regimes are examined.  

Turbulent results are fitted to an empirically derived turbulent He II heat flow in a channel 

equation with an added tortuosity (extra length traveled) term that accounts for the porous 

media.  An average tortuosity of 1.33 ± 0.07 was obtained, which is in good agreement with 

the values of 1.36 - 1.41 concluded from published work on classical fluid pressure drop 

across random packed spheres.  Laminar permeability and shape factor results are compared 

to past studies of He II in porous media and in channel flows.  The average critical heat flux, 

which describes the onset of turbulence, is predicted to be 0.19 W cm-2.  The onset of 

turbulence is determined through a critical heat flux from which a critical Reynolds number is 

formulated, but does not describe He II turbulence in the normal fluid component.  Other 

proposed He II “Reynolds numbers” are examined.  The addition of the laminar and turbulent 

heat flow equations into a unifying prediction fits the transition regime data within 25 %.  

Transient temperatures compare favorably to a one-dimensional numerical solution that 

considers a variable Gorter-Mellink exponent and a piece-wise determination of the heat flux.  

Turbulent pressure drop results are fitted with empirically derived friction factors. The 

laminar permeability and equivalent channel shape factor derived from the pressure drop are 

compared the permeability and shape factor obtained from the temperature drop. Results from 

the pressure drop experiments are more accurate than temperature drop experiments due to 

reduced measurement errors with the pressure transducer. Turbulent theories considering only 

dynamic pressure losses in the normal fluid yield the most consistent friction factors. The 

addition of the laminar and turbulent heat flow equations into a unifying prediction fits all 

regimes to within 10 %.  
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CHAPTER ONE 

INTRODUCTION 

In some superconducting magnet technologies, cooling requirements are met using superfluid 

helium (He II) with its high apparent thermal conductivity and low temperature (typically 1.8 K).   

This cooling is required in certain magnet systems (research magnets, magnetic resonance 

imaging, and particle accelerators (Figure 1.1)) to enhance superconductor performance, remove 

small thermal disturbances, and maintain the temperature bound in order for superconducting 

materials to exhibit zero resistance.  The heat flow from the superconductor to the He II reservoir 

around the magnet is thus crucial in the stability of the magnet to avoid a quench.  However; the 

electrical insulation around the conductor is the major inhibitor of this heat flow.  This issue is 

particularly critical in high power density magnets such as those proposed for upgrades to the 

Large Hadron Collider.  Burnod suggested that the use of porous insulations instead of fully 

epoxy impregnated insulations has the potential to increase the cooling power by allowing an 

intimate contact of the He II with the conductor (Burnod, 1994).   

 

 
Figure 1.1: LHC particle accelerator magnet (FRESCA) with a cooling line (top) and two particle beams (bottom) 

 

This idea was studied with flat rectangular micro channels (Baudouy et al., 2000) and then 

expanded to the complex geometries of compacted composites/powders (Allain et al., 2010) 

(Dalban-Canassy, 2009) (Baudouy et al., 2006).  These porous medias are consolidated packs 

that may contain dead end pores, which add uncertainty to heat flow calculations.  Therefore, it 

Cooling line

Particle beams
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was decided to investigate a more isotropic and well defined geometry in order to model 

characteristics of He II heat transfer in porous media.  The present work focuses on 

understanding the heat flow in He II contained within manufactured porous media consisting of a 

packed bed of spheres as a model for superconducting magnet insulation.  This geometry has 

been studied extensively for applications in the chemical, environmental, geological, petroleum, 

and mechanical fields with uses in water filtration, irrigation, geothermal, oil/gas flows, and 

fluidized bed reactors for biomass gasifiers.  The present study is relatable, through the 

geometric parameter of tortuosity, to Newtonian fluid studies in random packed spheres, which 

has been investigated in several published works (Kaviany, 1995) (Bear, 1988) (Ergun, 1952).   

Desired information includes the diffusion time, permeability, shape factor, turbulent 

transition conditions, and the pressure/temperature drop associated with He II contained in 

random packed spheres.  This information paired with a theoretical understanding and modeling 

can aid in the future design of electrical insulation for superconducting magnets.  

Temperature and pressure gradient theories originate from He II channel studies and 

Newtonian fluid studies through packed spheres.  He II heat transport equations for channels are 

adapted to describe packed spheres while Newtonian fluid flow equations through packed 

spheres are adapted to describe He II.  Ergun’s equation for fluid flow through packed spheres in 

the laminar and turbulent is the base for the classical solution (Ergun, 1952).  He II channel 

studies are adapted with a tortuosity term that accounts for the porous media.  Several He II 

theories/models are examined.  These models are unlike any other fluid models.  According to 

the two-fluid model, He II consists of two interpenetrating components (normal and superfluid) 

(Van Sciver, 2012).  Normal fluid concentration decreases with decreasing temperature below 

the λ- transition line (2.177 K at saturated vapor pressure) with a near total conversion into 

superfluid component below 1 K.  Understanding how this component density switch affects the 

onset of turbulence is a difficult task that has been studied intensively. 

The dissertation contains six chapters. Chapter 2 examines the properties and unique features 

of He II.  He II in small channels is the focus as the channel dimensions play a large role in the 

fluid’s behavior.  The equations of momentum are formulated and used to describe temperature 

and pressure drops as a function of heat flux.  Regimes are separated into laminar, transitional, 

and turbulent.  The laminar regime is described with a shape factor.  The critical heat flux and an 
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onset of turbulence parameter (a Reynolds number equivalent) are examined for He II.  Transient 

heat removal and diffusion times are discussed.   

Chapter 3 examines porous media.  First, classical fluid flow in porous media is reviewed.  

Information on the geometry from these classical studies was gleaned for insights into tortuosity 

(or extra length traveled through non-interacting constant-area channels) and theoretical average 

channel predictions for beds of random packed spheres.  Porosity in packed sphere beds is 

discussed.  Permeability describes the laminar regime in porous media.  In Section 3.2 the 

previously determined He II channel equations are combined with the tortuosity concept to 

create transport equations for He II in packed spheres.  Friction factors related with the dynamic 

pressure are defined for He II.     

Chapter 4 examines the experimental approach and investigation into the temperature and 

pressure gradients of He II in packed spheres.  The experimental materials are examined for 

effectiveness as well as their role within the experimental rig and system.  Sphere sizes were 

varied to simulate different pore sizes in electrical insulations.  Temperature and pressure sensors 

are evaluated.  The instrumentation system is diagramed for both steady state and transient 

measurements.  The He II temperature is varied from 1.6 K to 2.1 K to help grasp the effects of 

normal fluid to superfluid change as well as understanding the onset of turbulence.  This 

temperature range is also the range at which many superconducting technologies operate.  The 

procedure for sphere packing and experimental setup is discussed in Section 4.7. 

Chapter 5 reports the results of the experimental investigation.  The results start with the 

calibration and preliminary runs along with modification made to the experimental rig.  Steady 

state temperature and pressure drops results are presented next along with fittings of unknown 

variables (permeability, shape factor, tortuosity, Ergun’s fitting factor, and the normal fluid 

friction factor).  Determinations of a critical heat flux are compared to theories.  Transient heat 

recovery is examined through lumped capacitance model.   

Chapter 6 provides conclusions to this work including which models fit this data of He II 

counterflow.  Suggestions are made to for future research in this topic.  Enhancements to the rig 

for transient pressure measurements are suggested.  The use of porous electrical insultation is 

evaluated for use in superconducting magnets.   

Sections of Chapters 2 - 5 have been accepted or submitted for publication in Cryogenics 

journal and the Advances in Cryogenics Engineering.   
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CHAPTER TWO 

HELIUM II 

This chapter starts by covering basic helium facts.  The later sections exclusively cover He II 

in laminar flow (Section 2.2), turbulent flow (Section 2.3), and the transitional flow regimes 

(Section 2.4).  The pressure gradient is discussed in the last section. 

 

2.1 Helium facts 

Helium is the simplest noble gas and contains two protons and two neutrons in its most 

common isotope 4He.  Helium has one other naturally rare isotope (3He) with one neutron and 

six other unstable isotopes but they are of no importance for this study.  Thus, all further 

discussion of helium will refer to 4He.  Helium has the lowest critical temperature of all liquids at 

Tc =5.2 K (at Pc = 0.226 MPa).  It is the only element which cannot solidify under its own vapor 

pressure and must be pressurized to 2.5 MPa to do so.  Rather than solidify, helium below 2.177 

K at saturated vapor pressure (SVP) forms another liquid state called superfluid or He II.  

Superfluid helium is helium’s minimum entropy state and persists to absolute zero.  The He II 

phase region lies between the solid and vapor eliminating the triple point.  A phase diagram of 

helium (Figure 2.1) is starkly different from phase diagrams of other fluids. 

 

 
Figure 2.1: Phase diagram of 4He with the experimental range of this study (Van Sciver, 2012)  

Experimental 

range 
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Some of the He II thermodynamic properties (entropy s) change dramatically with 

temperature (Figure 2.2) and must be considered in any helium heat transfer calculation.  Other 

He II properties (density ρ) remain relatively constant with temperature.  Curve fits of He II 

properties can be found in Appendix A.   

 

 

 
Figure 2.2: Entropy and density of He II (Figure created by author from data in HEPAK©) 

 

2.2 Two-fluid model 

At temperatures below the superfluid transition or the λ-line (2.177 K at SVP) a second order 

phase transition converts the majority of the normal fluid component to its superfluid state in a 

range slightly over 1 K as seen in the He II component densities below Tλ (Figure 2.3).  
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Figure 2.3:  He II component densities (Figure created by author from data in HEPAK©) 

 

In this range the total density is defined with the addition of the normal fluid density ρn and 

superfluid density ρs.  The total density ρ remains relatively constant (≈ 145 kg/m3) while the two 

fluid components switch saturations.     

                               (2.1) 

The two-fluid model, first described by Tisza (1938), describes each fluid component.  The 

normal component behaves similarly to a Newtonian fluid in that it possesses entropy and 

viscosity.  The ground level state superfluid component, defined by possessing zero entropy and 

exhibiting no viscosity, follows a much different and fascinating set of laws.  Tisza proposed that 

the superfluid and normal components interpenetrate and interact with each other in unique 

ways.  In this theory entropy can only be carried by the normal fluid component.   

                                      (2.2) 

Here q is the heat flux, s is the entropy, T is the temperature, and vn is the normal fluid 

velocity.  The idea that superfluid components contain zero entropy can be shown using particle 

physics and thermodynamic statistics.  Particle physics classifies 4He superfluid as composite-

bosons because of the close adherence to Bose-Einstein statistics and the ability to occupy the 

same quantum state.  When helium transitions into the superfluid state the molecules enter the 

same condensed quantum ground state, the only allowable microstate of energy inside the atom.  

Thermodynamic statistics defines entropy with the Boltzmann’s constant kB and the multiplicity 

Ω.   
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                                              (2.3) 

The multiplicity simply refers to the number of microstates a known amount of energy can 

occupy.  As the number of possible microstates increase so does the entropy.  Conversely, when 

superfluid helium reduces to a single microstate, the entropy becomes zero.     

The inviscid property of superfluid helium can be seen experimentally with the fountain 

effect and helium film flow.  In the fountain effect an inner container filled and immersed in 

isothermal He II is equipped with a heater and porous plug (Figure 2.4).   

 

 
Figure 2.4: Fountain effect apparatus (Van Sciver, 2012) 

 

Once the heater is switch on a temperature (then pressure) difference is established (higher 

inside the container) which squirts He II out the top, hence the name.  The inner container is 

replenished with only the superfluid component because the normal component exhibits 

viscosity and may not pass through very small channels of the porous plug.  Heat dumped in the 

inner vessel is continuously taken out by this effect thus the fountain continues to flow.  

Increases in temperature gradients across the porous media are directly proportional to pressure 

gradients via London’s thermo-mechanical equation (Van Sciver, 2012). 

                                                                (2.4) 

The helium film flow also demonstrates the inviscid nature of the superfluid component.  All 

saturated liquids are known to form thin fluid layers on their containers’ walls near the surface of 

the fluid.  With no viscosity the superfluid runs away with this effect.  In the classic helium flow 

experiment an open container is dipped into a He II bath such that the open top is above the 

liquid surface (Figure 2.5).   
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Figure 2.5: Helium film flow experiment (Van Sciver, 2012) 

 

The superfluid’s unimpeded film, powered by the hydrostatic pressure, travels over the 

container.  Because the surfaces of the container are covered in He II, a link made between the 

bath and volume inside of the container drains the small container.   

   

2.2.1 Equations of motion 

Fluid transport equations come via a momentum density audit that considers both He II 

components where vs is the superfluid velocity. 

                                                                      (2.5) 

In zero net fluid flow the momentum density reduces to j = 0 and acts like internal 

convection as the heat only flows in one direction. 

                                                                (2.6) 

To describe the superfluid, Euler’s momentum conservation equation for constant density 

ideal fluids is used as it assumes an inviscid/ideal fluid.   ·                                                          (2.7) 

Conservation of energy in He II can be audited by considering the inside vessel in Figure 2.4 

as the control volume.  The rigid glass and the cycling fountain effect reduce dv and ds to zero.  

By combining the first and second law to this system changes in energy reduces to the product of 

mass change and Gibbs free energy g.   

                                             (2.8) 

Now energy change is reduced to a form similar to Newton’s second law where the Gibbs 

free energy is the acceleration equivalent. 
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                                                                  (2.9) 

This relation in combination with the definition for the specific Gibb free energy (g = h – Ts, 

where h is the enthalpy) yields a superfluid equation of motion. 

                                                           (2.10) 

Dropping the total derivative of the superfluid velocity introduces an approximation limit 

when v
2 reaches a comparable size.  Notice that in steady state conditions this reduces to 

London’s equation.  Each component obeys this relationship with the additional viscous term in 

the normal fluid.  An energy and momentum conservation analysis results in the Navier-Stokes 

type equations for the He II fluid components.   

                                                      (2.11)         

                                            (2.12)           

 

2.2.2 Steady state laminar heat transfer 

Imagine a heater attached to the end of a channel containing He II as in Figure 2.6.  As the 

heater slowly dumps heat into the end of the channel the normal component draws heat away as 

the bulk fluid equilibrates its components to account for the added heat (and thus local increase 

in normal component).  This heat induced thermal counterflow is shown with velocity profiles 

for the normal fluid and superfluid components shown in red and blue, respectively.  Notice the 

velocity profile of the normal fluid is affected by the no slip boundary condition while due to its 

inviscid nature the superfluid moves with ease along the boundary.  The channel connecting the 

reservoirs is of micron size to ensure laminar conditions.  Current attempts to visualize the 

normal fluid velocity profile are being performed utilizing particle tacking with solid hydrogen 

(Chagovets and Van Sciver, 2011) or with laser-induced metastable helium molecules as tracers 

(Guo et al., 2012).  

 In a steady state 2.11 and 2.12 combine into the Poiseuille equation where µn in the viscosity 

of the normal component.   

                                                          (2.13) 
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Figure 2.6:  Interpenetrating He II counterflow induced by heat  

 

A one-dimension solution of equation 2.13 that considers that vmax=2vavg along the center line 

relates the pressure/temperature drop to the shape factor β, a geometry dependent constant 

(Circular tubes and parallel plates correspond to a β equal to 32 and 12 respectively (Van Sciver, 

2012)).  

                                                    (2.14)            

This equation can be combined with Tisza’s unidirectional heat flow equation to predict the 

thermal gradient through a He II filled channel.  The He II temperature drop is proportional to 

the heat flux in the laminar regime.   

                                                       (2.15) 

With classical conduction heat transfer, the heat flux is related to the temperature gradient via 

the effective thermal conductivity.  Here an effective thermal conductivity is a function of 

geometry, viscosity, density, temperature, entropy, and channel diameter which can reduce to 

being temperature and geometry dependent.   

 

2.2.3 Transient laminar heat transfer 

A transient laminar He II flow is predicted by combining the diffusion equation with the one 

dimension temperature gradient theory (equation 2.15).  This equation only applies in the 

laminar region for a small flow channel and/or low heat fluxes. 

                                               (2.16) 
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In this case the diffusion time can be obtained by non-dimensionalizing equation 2.16.  

                                                           (2.17) 

 

2.3 Turbulent He II 

The original thought behind the two-fluid model was that the superfluid component should 

remain non-rotational.  Feynman (1955) overturned this thought by proposing that the superfluid 

(now should be considered quantum because the super effects of zero viscosity are lost) 

component can rotate but only in quantized vortex lines each with a unit of angular momentum /  where h is Planks constant, m is the mass of a helium atom.   

To theoretically understand the transition to turbulence in superfluid the fluid excitations 

must be examined.  Landau characterizes two types of excitations in He II, rotons and phonons.  

Energy ε/kB versus momentum P/h relations show these two regions with rotons created at higher 

energies (Figure 2.7).   

 
Figure 2.7:  Excitations in superfluid (Van Sciver, 2012) 

 

The inability for superfluid He II to receive higher level excitations (rotons) at low energies 

explains the zero viscosity below the turbulence limit.  In thin capillaries the velocity and 

therefore energy stay below the roton excitation level thus allowing for friction free flow.  

When rotations in the superfluid do occur the vortex cores form in arrays, flow counter to the 

normal component, and exhibit an angular velocity dependent on density (Figure 2.8). 
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Figure 2.8: Vortex array in rotating He II (Van Sciver, 2012) 

 

Much like Newtonian fluids, the degree of fluid turbulence is directly proportional to its 

velocity.  Unlike Newtonian fluids, a component of the bulk fluid has zero viscosity, which 

balloons the standard measure of turbulence (the Reynolds number) to infinity for a completely 

superfluid sample.  Because of this mathematical impossibility new criteria for turbulence in He 

II must be formed.  In theory there are three turbulence limits.  There is one turbulence limit for 

each component and one for the interaction between the components (discussed in the Section 

2.3.2).      

 

2.3.1 Mutual friction 

He II is unique in that above a critical velocity it encounters another fluid interaction, know 

as mutual friction. It was first recorded by Gorter and Mellink in a heat transfer study (1949) and 

explained the extra unanticipated drag stemming from the interactions between the counter-

flowing, interpenetrating components (vs – vn).  Based on those results, that mutual friction per 

volume is related to the Gorter-Mellink coefficient , an experimentally obtained function of 

temperature.  The Gorter-Mellink parameter is fitted to data is several studies (Vinen, 1956) 

(Van Sciver, 1978) (Arp, 1970) (Schwarz, 1977).   | |                                                    (2.18)  
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Vinen indicated that mutual friction is caused by the normal components adjustments to a 

turbulent quantum component (1956).  Van Sciver (2012) curve fitted existing experimental data 

of the Gorter-Mellink parameter (Figure 2.9).   

 

 
Figure 2.9: Gorter-Mellink parameter curve fitted to experimental data (Van Sciver, 2012)  

 

Modifications of the He II Navier-Stokes type equations can be made with the addition of 

this force to both the normal and superfluid component. | |                                  (2.19)         

   | |                    (2.20)     

 

2.3.2 Critical velocity/heat flux 

Three turbulence limits have been observed although TIII is not expected to be present in this 

study.  Classical turbulence limits are defined by the Reynolds number (ratio of inertial and 

viscous forces).  The normal component Reynolds number described is similar to classical 

definition but the viscosity is replaced with the normal fluid viscosity and the velocity is replaced 

with the normal fluid velocity.  

                                                           (2.21)  
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If the Reynolds number correctly describes the turbulence limit in only the normal 

component then is may be used as a detector of normal fluid turbulence.  For classical fluid pipe 

flow the critical Reynolds number is ≈ 2300 (Çengel and Cimbala, 2006).    

The turbulence limit for superfluid has been attempted theoretically by quantum pioneer 

Richard Feynman (1955).  Feynman predicted a minimum velocity for roton excitation through 

an expanding channel of dimension d where m is the atomic mass, h is Planck’s constant, and ao 

is vortex core diameter.   

 ln                                                         (2.22)  

Although his theory does not match experimental data, it does predict the critical velocity is 

inverse proportionality with the channel diameter and is independent of pressure.           

Due to the ballooning of the Reynolds number with inviscid fluids, critical heat flux limits 

have also been established based on the critical velocities and/or heat fluxes assuming a static 

bath (Van Sciver, 2012). These relations may only hold true if the interactions between the two 

fluid components were non-existent.     

                                                    (2.23) 

                                                         (2.24)                    

Tough (1982) reported three turbulent states.  The first two (TI and TII) are found in 

channels while the third turbulent state (TIII) is only found in large aspect ratio (10:1) channels.  

This turbulence is predicted not to be encountered.  TII has been observed in experiments (Arp, 

1970) (Vinen, 1957b) (Chase, 1962 and 1963) (Ladner et al., 1976) (Granieri et al., 2012) and 

refers to transition where the temperature drop becomes roughly proportional to q
3.  TI may 

describe turbulence in either component as described in equation 2.23 and 2.24.  Schwarz (1978) 

describes the first critical heat flux as vortex line perturbations in a laminar flow field and the 

second as the growth of these perturbations, which in high density effect the normal fluid flow.  

Ladner’s (1976) data shows these transitions in the temperature drop as in Figure 2.10.  

Geometry affects the magnitude of the critical limits and the quantity of turbulent states but a 

temperature dependent peak in the critical heat flux remains consistent around 1.9 K.   
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Figure 2.10: The turbulence limits TI and TII (Figure created by author from data in Ladner et al., 1976) 

 

Several studies have examined the onset of TII to determine a dimensionless number, similar 

to the Reynolds number that describes the transition (Ladner et al., 1976) (Chase, 1963) 

(Meservey, 1962) (Dimotakis, 1974) (Spangler, 1971).  Explanations for the dimensionless 

number vary but usually consist of the ratio of the inertial, viscous, pressure, or mutual friction 

forces in either the normal fluid or superfluid component.  A summary of these dimensionless 

numbers is found in Table 2.1. 

 

Table 2.1: Dimensionless numbers to describe the onset of turbulence in He II   
Name Number Reference Channel size 

(µm) 

Critical 

number 

R1 μ⁄  Staas et al. (1961) as 

ref.  in Tough (1982) 

(-) (-) 

R2  | |  Dimotakis (1974) 52 - 126 1 

R3  | |μ  
Spangler (1971) 800 - 1060 1160 - 1620 

R4 | |μ  
Spangler (1971) 

 

52 – 1060 150 - 3200 

R5 μ ⁄
 

Meservey (1962) > 100 4 

R6 | | μ ⁄
 

Tough (1982) 570 (-) 
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2.3.3 Steady state turbulent heat transfer 

Now imagine a steady state turbulent He II flow.  This classification may seem like an 

oxymoron considering that microscopically a Newtonian turbulent flow is chaotic and 

unpredictable.  The steady state label rather comes from the unchanging temperature profile.  

Some temperature gradient theories have used the Gorter-Mellink parameter and a relative 

velocity. | |                                          (2.25)         

With no net mass flow (i.e. ) and one directional heat flow (equation 2.2) the 

temperature gradient reduces.                                                           

                                                        (2.26)         

This channel flow model gives a good rationale for the higher temperature gradient 

dependence on heat flux in He II although empirical fits describe the temperature gradient in He 

II better.  These empirical models assume that the Gorter-Mellink power law exponent m ranges 

from 3.3 to 3.4.  Bon Mardion et al. (1978) were the first to propose a different heat flux to 

temperature relation when he reported data which fits better with m = 3.4.  In more recent studies 

this exponent has been shown to depend on temperature near the lambda transition (Sato et al., 

2004) (Sato et al., 2006).  For wide channels, one-dimensional temperature gradients in He II can 

be modeled where f
 -1

(T, p) is referred to as Sato’s heat conductivity function, which is an 

empirical function of temperature and pressure (Figure 2.11: Sato et al., 2005).  An original 

polynomial curve fit of Sato’s results was made of m as a function of temperature: m = 1.854T
3
 – 

11.713T
2
 + 24.152T – 12.924.  

                ,                                                       (2.27) 

Sato’s heat conductivity function is broken down into two functions: a temperature 

dependent and pressure dependent function such that f -1
(T, p) = h(t)gpeak(p) and / .  The 

an polynomial coefficients and a, b, and c are given in Table 2.2. 

  ∑                                (2.28) 

                                              (2.29) 
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Figure 2.11: Sato’s heat conductivity function (Figure created by author from data in Sato et al., 2005)  

 
Table 2.2: Sato’s heat conductivity function coefficients 

 

coefficient 

 

Value 

a0 

a1 

a2 

a3 

a4 

a5 

a6 

a7 

a8 

a9 

a 

b 

c 

-71.818442 

1.2172617x103 

-1.4992321x104 

-3.9491398x105 

-2.9716249x106 

-1.2716045x107 

-3.8519949x107 

-8.6644230x107 

-1.2501488x108 

-8.1273591x107 

34.20842 

-0.85979 

0.041388 
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2.3.4 Transient turbulent heat transfer 

To understand the transient characteristics of He II heat transfer the time to develop vortex 

line was examined.  Chase (1962) observed that the vortex line development time constant on the 

order of 0.1 – 60 sec depending on the temperature and heat flux.  His results fit a model 

originally proposed by Vinen (1957), where a is a temperature and geometric dependent 

parameter.   

                                       ⁄                                                          (2.30)  

Classically, transient times are often described with time constants (Nise, 2004).  This idea 

comes from a Laplace transform of a step input.  For a decaying response the system is described 

similarly to Ladner et al. (1975) where t is the time and τ is the time constant.     

                                                              (2.31) 

   The heat diffusion equation for He II in the turbulent regime may be reduced to m = 3 for 

convenience.  Super-positioning of solutions, a normal tactic for solving PDE’s, is not allowed 

because of the non-linear heat flux which complicates solving for Dirichlet boundary conditions.  

                                                      (2.32) 

Using this diffusion equation one could examine the He II heat transfer diffusion time in 

different ways.  The first method defines an effective thermal conductivity .  

                                                               (2.33) 

  In this case the diffusion time would consider the heat flux q as a constant.   

                                                                  (2.34)  

Another method searches for a true analytical solution through non-dimensionalization.  Due 

to this non-linear relationship the equation is difficult to solve directly.  Dresner (1983) formed 

solutions for semi-infinite camped flux boundary conditions.  Analytical solutions require 

similarity solutions.  In this case the diffusion time would be interpreted as, 

                                                                                   (2.35)  

Seyfert found good agreement with published data and equation 2.33 (Seyfert et al., 1982).  

Both Seyfert and Baudouy (2001) enhanced Dresner’s constant properties solution to one that 

considers changing properties with numerical methods.  This consideration makes sense due to 

the heavily temperature dependent properties.   
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2.4 Transitional regime 

For He II flow in channels there is a distinct transition to mutual friction TII.  In the present 

study the range of spheres size varies the effective channel that causes the distinct transition to 

broaden.  

The transitional regime was fitted by adding the laminar and turbulent equations together.  

Reynolds was the first to add an empirically fitted inertia loss term to the laminar fiction loss 

term (Reynolds, 1903).  At low heat fluxes the laminar term dominates and at high heat fluxes 

the turbulent term dominates.  This fit is for convenience and not physically descriptive.  

   ,                                 (2.36)  

 

2.5 Steady state laminar pressure gradient in He II through channels 

The temperature gradient equations can be combined with London’s equation to model the 

pressure gradient.  A one-dimensional pressure gradient is solved for considering a constant 

channel diameter.  

                                                        (2.37) 

The He II pressure drop is proportional to the heat flux in the laminar regime.  The viscosity 

is only measureable in the normal fluid component. The shape factor β depends on the geometry 

(β = 32 for circular cross section tubes, 12 for flat plates). 
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CHAPTER THREE 

PACKED SPHERES 

Porous media is introduced first in the context of normal Newtonian fluids.  Section 3.2 will 

discuss He II in porous media.  Also previously discussed He II channel theories are adapted to 

account for the packed sphere beds. 

 

3.1 Classical fluids in porous media 

The first experiments involving fluid flow through porous media where done by Henry Darcy 

(1856).  His apparatus examined an isothermal single phase water flow through randomly and 

loose-packed sand particles.  Darcy’s law relates the pressure drop in a constant laminar fluid 

flow to K, the permeability of an isotropic porous media, and U, the average fluid approach 

velocity. 

                                                                 (3.1) 

The approach velocity is defined with mass conservation as the product of the fluid velocity 

in the porous media v and porosity such that U = vα, where α is the porosity (discussed more in 

section 3.1.1). 

The permeability (units of m2) of a porous media describes how well a fluid flows through it.  

If the permeability increases the pressure drop decreases as described by Darcy’s law.  

Permeability is geometry dependent and is affected by changes in particle size and porosity for 

beds of packed spheres.  It is often experimentally determined by using Darcy’s law to avoid 

complex geometric modeling. 

Darcy’s law is restricted only laminar fluid flow.  Just as in pipe flow, the Reynolds number 

is used to classify different flow regimes.  For porous media the Reynolds number is described 

similarly to pipe flow in that the average fluid velocity in the pores is v and  is an average 

characteristics length.  For porous media L is considered either the channel diameter dch or the 

square root of the permeability √ . 

                                                                 (3.2) 

Bear (1988) separates flow through porous media to three regimes (Table 3.1).  
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Table 3.1: Reynolds number ranges of Newtonian fluid regimes in porous media 
 

Reynolds number 
 

Regime 
 

Description 

Re < 1- 10 Creeping or 
laminar 

This is the only regime where Darcy’s law is 
applicable.  Viscous forces dominate and the 
entry length is approximately three particle 
lengths. 
 

1 – 10 < Re < 300  Transition Inertial forces are larger than laminar flow and 
cause unsteady flow. 
 

Re > 300  Turbulent Unsteady turbulent flow dominates. 

 

3.1.1 Porous media geometry 

In the porous media literature some fundamental geometric terminologies describe the fluid 

flow.  The first parameter to consider is the pore size or the diameter of the channel containing 

the fluid flow.  In most porous media, the pore size changes from layer to layer and is dependent 

on the filling material shape, which is why average pore sizes are often used.  To visualize an 

extreme pore size variations imagine a simple cubic pack (Figure 3.1 A) of uniform spheres.  In 

the plane containing the sphere centers the void space is ≈ 21 % of the cross-sectional area.  In a 

plane one radius distance below the previous plane the void space now constitutes 100 % of the 

cross-sectional area!    

 

 
Figure 3.1:  Packs of spheres: A) Simple cubic pack B) Face centered cubic pack C) Hexagonal pack 
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Another term is the porosity α or the ratio of void space to total volume of the filling 

material.  In some consolidated porous media the term effective porosity is used to account for 

any isolated or dead end voids with no fluid flow.  Another consideration is the rigidity of the 

porous matrix to changes of porosity with pressure drops.   

The final geometric characteristic is tortuosity ω or ratio of average traveled path length to a 

line between the start and end points.  This value is typically between 1 and 2 but may be larger 

for consolidated porous media. A good example is Pac-man in Figure 3.2.  When Pac-man 

crosses his 2D world he travels a father distance as he avoids obstacles.  In this example, the 

length ratio of the two lines defines the tortuosity of Pac-man’s world.   

 

 
Figure 3.2:  Tortuosity in Pac-man’s world  

 

3.1.2 Packed sphere geometry 

Porous media constructed with uniform non-consolidated packed spheres is often studied.  

Because the media is non-consolidated, the porosity of the media is equal to the effective 

porosity.  The most efficient packing geometries for spheres are the face centered cubic (FCC, 

Figure 3.1 (b)) and the hexagonal close pack (HCP, Figure 3.1 (c)) which both have a porosity of 
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√   % (≈ 26 %).  Kepler predicted this maximum density of uniform packed spheres 

in what is known today as the Kepler conjecture.  While this value was well known through 

experimentation, a theoretical solution has only recently published by Hales (2005).   German 

(1989) defined other ordered arrangements in order of increasing porosity including tetragonal-

sphenoid, body-centered cubic, orthorhombic, simple cubic, and diamond.       

Random arrangements of uniform packed spheres are classified as close-random pack, 

poured random pack, or loose random packing by Dullien (1991).  A loose-random pack is a 

sphere arrangement which has experienced little settling with a porosity range of 0.400 - 0.440.  

A poured random pack is roughly defined as the sphere arrangement after being poured into a 

container and carries a porosity range of 0.375 - 0.391.  The last arrangement, close-random 

pack, requires a vibrating bed to condense the spheres to a porosity of 0.359 - 0.375.        

Packed spheres allow fluid flow in a three dimensional network of both series and parallel 

connecting heat/pressure conduits.  While this complex arrangement is desirable to study, it is 

difficult to directly model considering the wide variety of heat/pressure conduits.  The channel 

flow model simplifies the complex porous media arrangement by assuming the flow to be in 

uniform non-interacting channels.  This model assumes n channels of cross-sectional area Auc 

and that all channels are of the same length L, which is longer than the porous media length by a 

factor of the tortuosity ω.   

  The channel flow simplification (Figure 3.3) is also useful because most theoretical models 

of He II temperature and pressure drop only consider parallel 1D channels.  It is thus necessary 

to relate the actual complex 3D geometry in terms of average particle diameter to an average 

hydraulic diameter.     

          For porous media consisting of a random pack of spheres with porosity α, the average 

hydraulic radius can be solved by the relation of solid volume to wetted surface area  .  Debbas 

and Rumpf (1965) deduced the average channel radius  . 
                                                                    (3.3) 
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Figure 3.3: Geometric pore size averaging in channel flow model (Network generation comparison forum, 2012)  

 

This method can be expanded to uniform spheres with a good agreement to experimental 

data.  Morrow and Graves (1968) related the average channel diameter  to the average sphere 

diameter .  For porosities of 0.375 the average channel diameter is 1/5th of the particle 

diameter.   

                                                                (3.4) 

If we assume equation 3.4 then we must also consider the bending paths of the channels with 

the tortuosity term.  Tortuosity in packed spheres (porosities between 0.26 – 0.48) was examined 

by Happel and Brenner (1986).  For a creeping flow they approximated the tortuosity to be equal 

to 1.41.  Other experimental results in the same range predict a tortuosity of 1.36 (Yazdchi et al., 

2011).  Dresner (1993) predicted the tortuosity is porosity dependent and for packed spheres 

should be around 1.5. 

As Dresner predicted, decreases in porosity decrease the tortuosity.  The porosity of an 

unconsolidated porous media is obtained with the sphere’s volume (mass of spheres / density of 

polyethylene: ms/ρp) to the channel volume V ratio. 

                                                               (3.5) 

This porosity is an average over all the porous media.  In reality, for beds of packed spheres 

there are no constant cross sectional area channels.  This topic has been discussed by Dresner 

(1993) as A(z) were z is in the direction of heat flow.  A large bed volume may average out A(z), 

but the minimum pore sizes might still play a role in the onset of full mutual friction turbulence 

TII.  Dresner predicted that constrictions or bottle necks in the flow decrease the flow compared 

Channel  
    flow  
  model 
 
 
 
 
 

L = ωe 
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to a uniform channel of the average channel radius.  For porous media the average cross section 

area A is determined by the porosity and bed area Abed. This area is used when determining the 

heat flux (the heat per unit area).   

                                                               (3.6) 

 

3.1.3 Pressure drop across packed spheres 

Most models for pressure drop across a porous media combine Darcy’s law with an 

experimentally fitted permeability.  Permeability of packed spheres in a creeping flow is 

modeled further with the Carman-Kozeny (Kozeny, 1927).  They define the permeability as 

                                                          (3.7) 

where kK  is the Kozeny constant (kK=ko
2
) and ko is a shape parameter. The shape parameter is 

given the value of 2 for circular channels and 2 - 2.5 for rectangular, elliptical, and annular 

shapes.  For beds of packed spheres if ko is taken as 2.5 and the permeability and pressure drop 

become 

                                                            (3.8) 

                                                         (3.9) 

In an attempt to also describe turbulence, Reynolds modified Darcy’s law (1903) with an 

added turbulent pressure drop term where a and b a geometric parameters.   

                                                        (3.10) 

Permeability in a turbulent flow was examined by Burke and Plummer (1908) by using a 

range of millimeter sized spheres.  They modeled pressure drop solely with Reynolds turbulent 

term.  Ergun (1952) combined the two regimes of pressure drop into one equation encompassing 

granular solids.  His equation fits Reynolds pressure drop relation and assumes a set of constants 

a and b designed for beds of packed spheres.  His model is compared to both Kozeny-Carmen 

and Burke-Plummer models in Figure 3.4. 

                                                                  (3.11) .                                                             (3.12) 
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Only Newtonian fluids were used in this study.  The a term accounts for laminar flow where 

the permeability is replaced with a function of porosity, channel diameter and a fitting factor.  

The b term accounts for turbulent flow is also a function of porosity, channel diameter, and a 

different fitting factor.  Kozeny (1927) predicted a similar laminar regime in which the leading 

coefficient is 180 instead of 150. 

 

 
Figure 3.4: Ergun’s unifying model compared to Kozeny-Carmen creep flow and Burke & Plummer turbulent flow 
pressure drop (Figure created by author from data in Ergun, 1952) 

  

3.2 Helium II in porous media 

The study of He II in porous media began with thermo-mechanical effect, which utilizes the 

superfluid components zero viscosity to create a pump.  This pump efficiency relies on pore sizes 

small enough to contain the normal component while allowing the superfluid component to pass.  

The idea of a component separating plug was later adapted for He II containment in space.  More 

recently He II heat transfer for superconducting applications has sparked interest.  For these 

applications larger pore sizes are desired because they allow the normal component to carry heat 

through the porous media.           
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3.2.1 Porous plug for space applications 

In precision space based infrared telescopes temperature differences in lenses lead to 

distortions in the images.  He II is often used to reduce this temperature difference and reduce 

infrared radiation on the telescope.  Before He II could be used it had to be contained and 

pumped in space.  Selzer et al. (1971) suggested the use of a vapor phase separating (VPS) 

porous plug and heater configuration with no moving parts could do both tasks.   

A problem of He II space containment arises from the near zero gravity in low earth orbit.  

On Earth, gravity separates the liquid and gas phases so placement of release valves in mandated 

to the dewar top while the pumps are placed in the full liquid area at the bottom of the dewar.  

However, in space the gas and liquid arrangement in the dewar is unknown.   

Schotte (1984) compiled early research on the subject.  Venting gas in a zero gravity 

environment was achieved by emerging a cooler vent line pumped by the vacuum of space 

connected to a VPS immersed into the helium bath.  Larger pore sizes are desirable in the 

venting plug to allow the heat carrying normal component to pass.  The pumping of He II in 

space is achieved by using the thermo-mechanical effect.  The phase separator acts as a valve 

between two helium baths. Depending on the temperature gradient across it can be opened or 

closed.   

Another issue arises in that incomplete liquid coverage may create warm spots in the 

container.  The issue of proper liquid coverage on the pump is solved by the Rollins film effect.  

The film thickness is enlarged due to the vacuum of space, which increases heat flow and creates 

a good isothermal environment.  This also means no bubbles are pumped though the porous plug, 

only superfluid, hence the name VSP.   

With Selzer’s idea an effort then began to model the temperature/pressure gradient in a 

porous media to better design more efficient plugs.  A good phase separator needs to have a high 

flow rate while having no leakage when the He II valve is closed.  Frederking et al. (1984) 

initially used porous media made of sintered stainless steel 316L for a He II phase separating 

plug.  Later Frederking et al. (1987) recorded a channel size dependence on the Gorter-Mellink 

parameter that was proportional to the square root of the Darcy permeability with channel sizes 

of 0.75 µm, 9.3 µm, and 19 µm.  Others (Seyfert et al., 1982) found that results were 

independent in larger channel sizes (0.1 cm – 0.2 cm).                   
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3.2.2 Porous electrical insulation 

As discussed before the electrical insulation in superconducting magnets is the biggest 

inhibitor to the heat flow between the conductor and coolant.  To enhance the cooling efficiency 

Burnod et al. (1994) proposed a porous electrical insulation that would allow intimate contact 

between the He II and the conductor thus reducing thermal resistances seen by the heat flow.  

Baudouy et al. (2000) tested this theory by comparing electrical insulation wrappings with and 

without spacing between the layers.  Temperature differences occurred in two regimes, one 

purely laminar with a direct dependence on heat flux q and the other with an approximate cubic 

dependence on heat flux as in turbulent He II.     

Baudouy et al. (2011) follow up their work with an investigation using the non- interacting 

channel model and tortuosity.  A temperature gradient and heat flux can be described to account 

for the tortuosity in the porous media where Te/dx and qe are the temperature gradient and heat 

flux with respect to the porous media length e while T/dx and q are with respect to the length of 

the heat path (Baudouy et al., 2006). 

                                                              (3.13) 

The effective heat flux was determined by equating the void volume in the porous media 

sample with the modeled tortuous channel volume such that αAe = LnAuc, where A is the area of 

the porous media bed and α is the porosity.  Q is the steady state heat load. 

                                                      (3.14) 

 

3.2.3 Steady state laminar temperature gradient of He II through packed spheres 

There are two approaches to a laminar solution to the heat flow in porous media.  The 

tortuosity concept can also be applied to equation 2.15 such that β= βeω2 since β is the geometric 

parameter.   Equation 2.15 was combined with equation 3.4 and the tortuosity concept. 

                                                 (3.15) 

The other approach for a solution starts with Darcy’s pressure drop equation (3.1) for 

Newtonian fluids in a bed of sand.  Equations 2.4 and 2.2 are combined with equation 3.1 and the 

tortuosity concept to describe He II.  In this case the permeability is defined as K= Ke/ω2. 

                                                   (3.16) 
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Notice that the permeability is proportional to the channel size squared while the shape factor 

is non –dimensional and more sample independent.  

 

3.2.4 Steady state turbulent temperature gradient of He II through packed spheres 

The channel flow fit for turbulent He II (equation 2.27) and the tortuosity concept were 

combined.  Notice the temperature gradients strong dependence of the tortuosity to the m+1 

power.   ,                                                (3.17) 

 

3.2.5 Steady state transitional temperature gradient of He II through packed spheres 

Baudouy et al. (2006) predicted the effective temperature gradient in an intermediate regime 

(equation 3.18) and includes a tortuosity factor.   

                                        (3.18) 

At low heat fluxes the laminar term dominates and at high heat fluxes the turbulent term 

dominates.  In the pure Gorter-Mellink regime Baudouy’s experimental data showed that the 

tortuosity varied with temperature.  This relation would seem to defy the pure geometry 

dependence tortuosity that was added to define an increase in flow path.       

The transitional regime can also be predicted with the combination of empirical fit of 

equation 3.17 and equation 3.16. 

   ,                                    (3.19) 

 

3.2.6 Steady state laminar pressure gradient of He II through packed spheres 

In Section 2.5.1 a pressure gradient equation is approached for the study of He II in channels.  

The other approach for a solution starts with a pressure drop equation for Newtonian fluids in a 

bed of uniform size spheres.  Equations 3.1 and 2.2 can be combined to describe the pressure 

gradient in He II in the laminar regime.       

                                                         (3.20) 
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3.2.7 Steady state transitional and turbulent pressure gradient of He II through packed 

spheres 

Several dynamic pressure loss models are considered to describe the transitional and 

turbulent regimes in classical fluid flow through porous media.  

Another approach for a pressure gradient model is to start from the Newtonian flow model of 

the pressure gradient in the transitional or turbulent regime through pipes.    

                                                      (3.21) 

This model describes the dynamic pressure with a fanning friction factor f and a fluid 

velocity v.  This model has a laminar term proportional to the fluid velocity and a turbulent term 

proportional to the square of the fluid velocity.  At low heat fluxes the laminar term dominates 

and at high heat fluxes the laminar and turbulent terms both contribute to the turbulent flow 

pressure drop prediction.  The transitional regime is fitted with the addition of the two regime 

terms because the variations in the sphere sizes broaden the turbulent transition.  In this 

configuration the friction factor describes a rough fully turbulent flow, which in classical fluid 

flow is only dependent on relative roughness (Çengel and Cimbala, 2006).  

 If we assume only the normal component contributes to the pressure drop by replacing the 

fluid velocity v with the normal fluid velocity vn, then Equation 2.2 can be applied to equation 

3.21 to relate the pressure drop in He II in terms of heat flux.  

                                                   (3.22) 

Existing friction factors (Blasius, Colebrook, von Karman, Prandtl) were applied to equation 

3.22 for a compatibility check. Von Karman’s friction factor already assumes full turbulence in a 

friction regime that is not impacted by a still unknown He II “Reynolds number”.  Reynolds 

number is in quotations because it may not be the classical interpretation of the inertial and 

viscous force ratio.   Friction factors, which depended on Reynolds number (Blasius, Colebrook, 

Prandtl), over predict the pressure drop as they were formed to describe both laminar and 

turbulent flows. This is due to the porous media suppressing the Reynolds number for the 

transition to turbulent flow (Table 3.1).  

With a relative roughness ε/D of 0.07, the von Karman friction factor fits the data the best out 

of the factors examined. Due to the micron size of the particles a high relative roughness like 

0.07 should be expected. The downside of the von Karman fit is that it does not account for 
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temperature dependence in the friction factor. Fitting each temperature separately for the 7.49 

µm channel bed (35 µm sphere) the range for the relative roughness factor becomes 0.04 – 0.19. 

The problem with this approach is that the relative roughness should only be geometry 

dependent.      

Pressure drop of He I inside cable-in-conduit conductor was studied where the friction factor 

is a function of the permeability, pore size, Reynolds number, and porosity (Bagnasco et al., 

2010) (Lewandowska and Bagnasco, 2011). In the present case the “Reynolds number” for He II 

was taken as /μ . Bagnasco’s laminar predictions are the same as equation 3.21 

while the turbulent friction factor is orders of magnitude different from that compiled from the 

data reported in the present study. This difference is attributable to the fluid being He II rather 

than a Newtonian fluid with the friction factor and having a dependence on a He II “Reynolds 

number”.   

Temperature is not used as a direct component of existing friction factors but its influence on 

material properties especially in the 1.6 K – 2.1 K range could affect the still unknown Reynolds 

number equivalent for He II. Several He II “Reynolds numbers” have been proposed (Ladner et 

al., 1976) (Chase, 1963) (Meservey, 1962) (Dimotakis, 1974) (Spangler, 1971). These 

dimensionless numbers depend on the superfluid velocity vs, vn, ρs, ρn, ρ, dch, µn, and the Gorter-

Mellink parameter AGM. These parameters are either constant or can be reduced in terms of 

temperature. The pressure drop in turbulence does not depend on the heat flux as much as the 

temperature drop in turbulence. As a result, the transition from laminar to turbulent is less well 

defined in the present study. Therefore, for fitting the friction factor two variables are 

considered: temperature and relative roughness such that f = f (T, ε/D). The temperature is 

considered to be a factor because of changes in the fluid properties. The relative roughness is 

included because it should be larger for the smaller sphere sizes used.   

Another model for the dynamic pressure term considers both the superfluid and the normal 

fluid component individually.  In this case, the pressure drop is modeled as (Maddocks and Van 

Sciver, 1990),  

                                            (3.23) 

With the He II counterflow of  equation 3.23 can be converted into a function of 

heat flux where bs and bn are the friction factors associated with any dynamic losses that the 

superfluid and normal fluid experience, respectively.  



32 
 

                                    (3.24) 

Friction factors, bs and bn, differ in equations 3.23 and 3.24 by a factor of 2/dch. By adding 

this average pore diameter parameter, the friction factors reduce to a dimensionless numbers in 

the mold of a fanning friction factor.  This formulation creates the problem of one equation and 

two unknowns. If the He II friction factors behave similarly to classical friction factors then they 

should be constant with respect to the Reynolds number in the fully turbulent regime. Assuming 

that the dynamic pressure describes a fully turbulent regime and not a transitional regime then 

we can assume bs and bn are also constant in a fully turbulent regime. If we now assume that one 

of the friction factors, either bs or bn, is much larger than the other then equation 3.24 becomes 

solvable. Maddocks came to the conclusion that bs is very small based on his fiction factor 

results showing a normal fluid velocity dependence. He then obtained bn values of 0.130 and 

0.135 for the two porous media samples with average pore diameters of 42 µm  and 24 µm and 

with porosities > 90 %.      
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CHAPTER FOUR 

EXPERIMENTAL INVESTIGATION 

In this chapter the experimental method to determine the temperature and pressure drops 

across beds of packed spheres is presented.  A study of heat transfer in He II contained in packed 

spheres has not been done before so explanations are given for design choices to the 

experimental rig.  This experimental rig addresses issues of diminished heat flows due to a 

pressure tap.  The experimental geometry of the porous media is a cylinder to direct the heat 

transfer in one direction.  The packed bed diameter is much larger than the spheres to reduce wall 

interactions.   
 

4.1 Spheres 

The spheres (Figure 4.1) in this study come from Cospheric©.  Considerations into sphere 

selection include uniformity of size distributions and the material’s mechanical strength/thermal 

conductivity.  The biggest challenge to finding a suitable porous media was the uniform micron 

size requirement of the spheres.  Pore sizes in the micron range are of interest for electrical 

insulations because they would be large enough for the normal component to pass.  The spheres 

are packed in an insulated cylinder to direct the heat transfer in one direction that is much larger 

in diameter than the spheres to reduce wall interactions.   

 

4.1.1 Sphere material 

Sphere material is considered for its mechanical and thermal properties under cryogenic 

temperatures.  Desirable mechanical properties include a large yield and fracture stress so the 

rigidity and porosity of the porous media is maintained.  Polyethylene spheres were chosen for 

this study due to their availability, low thermal conductivity, and minimal thermal contractions.  

Weihan and Fengnian (1991) compare stress cracking in different variations of polyethylene at 

cryogenic temperatures.  Ultra-high molecular weight polyethylene fared better than low-density 

and cross-links polyethylene but both exceed the rigidity requirements for this experiment.  This 

concern is also minimized due to the micron scale and efficient stress distribution in spheres.  

The thermal conductivity of polyethylene at room temperature is around 0.5 W/mK (The 
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Engineering Toolbox) while at 2 K is reduced to 0.05 W/m K (Cryocomp®), which is negligible 

compared to that of He II. 

   

 

 

 
Figure 4.1:  Images of polyethylene spheres with average diameters of 35 µm (top), 49 µm (middle), 
and 98 µm (bottom) at 10x (left) and 20x (right) zoom 
 

The total thermal contraction of polyethylene between 300 K – 2 K is 1 – 3 % depending on 

geometry (Shimizu et al., 1985).  This is large compared to stainless steel but has minimal effects 

on the porous media geometry. The density of Cospheric© polyethylene was provided by the 

manufacturer as 0.96 g cm-3.   

98 µm (10x) 98 µm (20x) 

49 µm (20x) 49 µm (10x) 

35 µm (10x) 35 µm (20x) 
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4.1.2 Sphere geometry 

Spheres selected include batches with mean diameters (and particle range) of 35 ± 3 m, 49 

± 4 m, and 98 ± 8 m.  Three diameter measurements of 20 particles (for each diameter) were 

made using an Olympus© Lext® con-focal microscope and show good agreement with the 

manufacturer’s specifications of > 90 % in particle range.  Visual analysis does show the small 

presence of particles outside the manufacturer’s particle range.  The manufacturer specifications 

also include that the particles are > 90 % sphericity.  These measurements were a quick check 

rather than an independent analysis.  Therefore, the manufacturer’s specifications should be more 

accurate although their methods and sample sizes have not been examined.  Table 4.1 gives this 

studies particle analysis. 

 

Table 4.1: Average particle diameter measurements of twenty 35 m, 49 m, and 98 m polyethylene spheres   
manufactures’ 

sphere range 

(µm) 

average 

particle 

diameter 

(µm)  

standard 

deviation 

(± µm) 

32 - 38 36.2 2.64 

45 - 53 49.2 3.95 

90 - 106 97.1 5.32 

   

4.1.3 Packed sphere bed geometry 

There are two main parts to the design of the porous media geometry for these experiments.  

First is the shape of the bed.  A cylinder shape was chosen for the bed to reduce the heat flow to 

one primary direction.  The only change in thermodynamic properties comes along the axis of 

the cylinder.  The second part was the size of the bed diameter.  Large bed dimensions compared 

to particle size minimize effects of local variations in porosity due to wall interactions (Abreu et 

al., 1999).  These wall effects are present in the first several layers of particles adjacent to the 

wall.  If the spheres are comparable to the bed size the wall effect would be significant.  The 

experimental geometry in this study was selected to keep the sphere’s diameter to less than 1 % 

of the bed diameter, which should help minimize wall effects.  The bed diameter was therefore 

chosen to be 10 mm (actually 10.18 mm).  In this study, depending on the particle diameter, the 

number of spheres in each bed is estimated to be 4.9 – 107 million.  
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4.2 Temperature drop of He II through packed spheres 

To determine the temperature drop across the bed of packed spheres several considerations 

were used in the design of the experimental setup.  The channel had to be long and skinny 

enough to resolve the temperature difference but also large enough to hold a heater and 

temperature sensor.   In order to direct the heat through the He II, both conduction and 

convection are reduced to near zero outside the walls of the packed bed by using a vacuum 

jacket.  The vacuum jacket was maintained orders of magnitude below the free molecular regime 

(< 10-5 torr for helium).  Radiative heat transfer from the bed walls is negligible due to a 

temperature difference being the order of a degree K.   

  The heater geometry was considered as it affects how evenly the He II accepts the heat.  

The pressure tap to help measure the differential pressure across the porous media was capped 

off to stop unwanted parallel heat paths for the first set of temperature differential runs.  These 

ideas of a new He II packed sphere porous media rig were added on to an existing cryostat (used 

by Dalban-Canassy, 2010) without modifications to the previous rig to reduce manufacturing 

time and maintain functionality of the original He II porous media rig for consolidated samples. 

Two forms of heat transfer through the bed must be considered: conduction and convection.  

Conduction thru the spheres is negligible because the thermal conductivity of He II is a least five 

orders of magnitude greater than that of polyethylene in all test conditions.  While considering a 

solid block of polyethylene, the heat transfer through the spheres was calculated to be on the 

order of a microwatt.  This conservative estimate is four orders of magnitude smaller than a He II 

heat transfer estimate.  All convection remains low due to the low Reynolds numbers 

encountered in porous media studies as discussed by Bear (1988).  Conduction through the 

counterflow He II is the dominating heat flow.   

Mathematical tools were used to solve the temperature gradient models (equations 3.19, 3.20, 

and 3.25).  Numerical integrations were used to resolve highly temperature dependent properties 

like the component density, heat capacity, and Sato’s heat conductivity function.  In this 

approach the length of the channel was divided into small sections of length Δx.  The equations 

were applied starting from the cold boundary condition of TC.  The predicted temperature 

gradient converges as the number of intervals is increased.  Above 300 numerical integrated 

steps the solutions converges with variability between 200 and 300 steps less than 0.1 %.   
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The chi square error is used to curve fit models to the temperature/pressure drop data where 

the error between the model Ti and the observed Oi for N number of data points is totaled.  The 

chi square error is at a minimum χ2
min for the best model fit Ti,min.  The error associated with this 

fit comes from the Ti smaller and larger than Ti,min that gives 2χ2
min.   

    ∑                                                      (4.1)  

Regimes were determined using the transitional temperature gradient model and if one term 

(laminar or turbulent) fully fits the results.  The geometrical constant of shape factor β and the 

permeability K of the porous media of packed spheres were determined while only considering 

the laminar flow data.  The fully turbulent flow data were used to determine the tortuosity.      

A simple diagram of the temperature gradient through the bed is shown in Figure 4.2 where 

L ≈ 50 mm (varies each run, see Table 5.1) and D = 10.18 mm.  The heat flux q is applied to the 

inner He II space at the left of the diagram. 

 

 
Figure 4.2:  Simple diagram of the temperature gradient through a bed of random packed spheres  

 

4.3 Pressure drop of He II through packed spheres  

Previous measurements of the pressure drop across He II contained in porous media using a 

similar rig have shown that pressure taps can create unwanted parallel heat paths that subtract as 

much as 14 % of the heat transfer through the porous media (Dalban-Canassy, 2009). Therefore, 

to minimize the heat through the pressure tap channel and the He II bath the tap was designed to 

a 44 cm long, 1.60 mm tube with an inner diameter of 0.70 mm that is helically coiled to save 

space and fit within the vacuum can. A comparison of the two flow paths reduces to an area to 
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length ratio of AtapLpm
3.4 /ApmLtap

3.4 where Atap is the inner cross-sectional area of the pressure 

tap, Ltap is the length of the pressure tap, Apm is the flow area through the porous media, and Lpm 

is the length of the channel.  This ratio is two orders of magnitude smaller in the present study 

than in the similar rig (Dalban-Canassy, 2009) and thus produces a negligible parallel heat flow 

of less than 1 % of the total heat flow.    

 

4.4 Experimental rig 

This experimental setup directs the added heat down, which was also used by Allain et al 

(2010) and Hoskinson (2005).  Seyfert reports that channel orientation has no effects on the 

results (Seyfert et al., 1982).  This is explained by the gravity independent internal convection of 

He II being the dominate form of heat transfer.  A picture and CAD image of the He II Porous 

Media Rig (HeIIPMe) is shown in Figure 4.3.  The bottom of the stainless steel channel is open 

to the He II bath.   

 

         
Figure 4.3: The He II Porous Media Rig (HeIIPMe) contains a bed of random packed spheres in a stainless steel 
channel L ≈ 50 mm, D = 10.18 mm. Typical polyethylene spheres are shown (in this case d = 98 m). 
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To house the heater and thermometer a He II volume exists at the closed off end of the 

packed sphere channel.  The heater is a thin, flexible KaptonTM covered heater from Minco© that 

wraps around the inner He II volume (Figure 4.3 A).  It has a resistance of 44.0  at room 

temperature, which is only slightly reduced to 41.9  at He II temperatures.  The heater is 

covered in KaptonTM to prevent shorts.  The conductive heat loss through the wires in the 

electrical feed through was calculated to be on the order of micro watts.  This estimate is four 

orders of magnitude smaller than a He II heat transfer estimate and therefore is negligible. 

Temperature measurements of each end of the porous media were accomplished using two 

CernoxTM 1050- SD temperature sensors (LakeShore© Incorporated) shown in Figure 4.3 B.  The 

temperature sensors where chosen for their high sensitivity in the 1.6 K – 2.1 K temperature 

range.  CernoxTM 1050- SD sensor resistances range from 1 kΩ – 100 kΩ with a sensitivity range 

of 1000 Ω/K – 10000 Ω/K between 1.5 K – 2.1 K.  With the aid of an AC resistance bridge, the 

minimal readable temperature difference is 0.2 mK – 0.3 mK.  The error in the minimal readable 

temperature difference in slightly increased to 0.5 mK – 0.6 mK near the lamda line, where the 

sensitivity in the CernoxTM sensors is decreased.  Excitation of the sensors was limited to a 

constant current of 1 µA to avoid self heating.            

The spheres are held in the channel by two woven stainless steel T316L screens (TWP© 

Incorporated) in a plain-square weave.  The temperature drop across the 60 µm thick screens was 

calculated in accordance with the Armour and Cannon (1968) equations for fluid flow through 

woven screens and found to be in the femto-K range, which is negligible.  Channels in the roving 

gaps are measured to be 35 micron.  This channel size places a limit on the minimum sphere size 

that will not get trapped in the screen.  Channel diameter is characterized as 2 microns by the 

manufacturer via permeability experiments.  Effects of the screens on the temperature or pressure 

drop are negligible due to the much larger porous media length.  A con-focal microscope image 

of the screen is shown in Figure 4.4 C. 
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Figure 4.4:  (A) Cernox temperature sensor 1050-SD (B) Minco
©

 heater (C) Con-focal microscope image of the 
screen used to contain the spheres  

 

The helically coiled pressure tap and channel for the porous bed are shown in Figure 4.5.  

The pressure tap was connected to two Validyne© pressure sensors: a DP10-20 sensor with a 860 

Pa range and a DP10-34 sensor with a 22,000 Pa range. Both sensors were attached to the 

pressure tap with an indium washer while the relative (low) pressure is open to the He II bath. 

The manufacturer states a ½ % error on the full range of the sensor but by accounting for 

calibration shifts with temperature and time (hysteresis) this error can be reduced to ≈ 0.004 %. 

In situ calibrations were done to account for these two zero pressure differential output voltage 

A 

B 

C 
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shifts experienced at low temperatures and during low temperature cycling. The DP10-20 was 

more affected by the temperature change than the stiffer DP10-34. There is an unexplained dip in 

the zero pressure differential output voltage above 2.1 K but when accounted for does not affect 

the measurements.  Validyne© pressure sensors were used because of their ability to withstand 

and operate in cryogenic temperatures.      

 

 

 
Figure 4.5:  Porous media channel, pressure tap, and vacuum can 

 

4.5 Experimental system 

The experimental system involves a pumping and electronic instrumentation network.  The 

pumping network is outlined in Figure 4.6.  The Cryolab’s house vacuum pump and a MKS© 

control valve is used for controlling the helium bath pressure.  After the experiment is over the 

remaining helium is recovered with the recovery line.  The G10 tube electrically insulates the 

dewar from the turbo pump, recovery line, and house pump.  A thick rubber mat was placed 

below the dewar to reduce vibration to the helium bath.  Thermal shields were used to insulate 

the helium bath from thermal radiation emitting from the room temperature top flange.   

Experiments were conducted in a bath of saturated He II.  Radiation heat to the helium bath 

was minimized with a vacuum and a liquid nitrogen cooled jacket.  As a run is conducted the 

liquid helium level diminishes.  This causes variation in pressure head seen by the He II in the 
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porous media.  The pressure head does not affect the pressure readings because a differential 

pressure gauge is used.  The pressure head is too small to significantly impact the heat 

conductivity of the He II as it is still on the order of the SVP of liquid helium.         

  

 
Figure 4.6:  Pumping schematic:  TP: turbo-pump, PH: pressure head, FL:  LHe fill line, RL: recovery line, CV: 
control valve, HV: house vacuum, G10 electrical insulating tube, TS: thermal shields  

 

4.6 Instrumentation system 

Two different instrumentation systems were used in this study.  The steady state temperature 

setup utilized an AC bridge for precision measurements of the temperature sensors at low heat 

fluxes.  Transient measurements utilize a high frequency data acquisition module to record the 

quickly changing temperature and pressure measurements.  

 

4.6.1 Steady state temperature drop  

Instrumentation includes: LakeShore© 370 AC resistance bridge, two Keithley© 2700 

multimeters, Agilent© HP3633 power supply, Minco© flex heater, MKS© 600 series pressure 
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controller, MKS© control valve, Baratron® 100 torr pressure head, and two CernoxTM 

temperature sensors.  All connections to a LabVIEW program use GPIB.  The data were 

recorded in a G4 Macintosh© computer.  The dewar is grounded to the AC bridge.  The 

CernoxTM temperature sensors were powered by the AC bridge with a current supply of 316 nA.  

The pressure head and control valve were both controlled through the MKS© pressure controller.   

Figure 4.7 details the steady state instrumentation system. 

 

 
Figure 4.7: Steady state instrumentation schematic  

 

4.6.2 Transient temperature and pressure drop  

Instrumentation includes the replacement of the AC resistance bridge with a Data 

Translation© DT 9824 data acquisition module.  This module allows for fast acquisition speeds.  

A sample acquisition rate of 100 Hz was used in all transient measurements.  Low acquisition 

rates below 120 Hz were found to reduce noise to 1.5 mK fluctuations with an internal noise 

filter inside the DT 9824.       

The Validynes© are powered and calibrated using a Validyne© model MC1-3.  This signal 

conditioner powers the pressure sensor with a PS238 power supply and conditions the signal 
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with the CD19A carrier demodulator.  Calibration of the pressure sensors are found in Appendix 

C.   

 The two CernoxTM temperature sensors are powered by a Lakeshore© 120 current source at 1 

µA.  This is a different current supply than the AC bridge but is still below the critical current for 

sensor self heating.   

Pulse heat was supplied by a Hewlett Packard© 214B Pulse Generator.  The generator has 

been untouched since the January 2011 calibration but was still check via oscilloscope for proper 

operation.  The first pulses used in a failed run scanned both pulse voltages and pulse width.  

Due to the short diffusion times predicted in equation 2.34 and 2.35, an even shorter pulse of 

heat would be needed to resolve a diffusion time.  For the energies to have an impact the 

voltages for all remaining pulse runs remained at the maximum value of 100 V.           

A LabVIEW program records the temperature/pressure sensors and operates the heater 

power/triggering in the heat removal runs.  The power source of the Agilent© HP3633 offers a 

transient response time of less than 50 µsec to within 15 mV of the final output.  The data is 

recorded in a Dell© computer.  Figure 4.8 details the transient temperature/pressure 

instrumentation system. 

 

 
Figure 4.8: Transient temperature and pressure drop instrumentation schematic  
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4.7 Procedure 

4.7.1 Packing the bed 

As a first step a quantity of polyethylene spheres of particle diameter of 35 µm, 49 µm, or 98 

µm were placed in a plastic container and weighed.  The spheres were then poured into the 

acetone cleaned experimental channel (Figure 4.9A).  The remaining spheres in the plastic 

container were then reweighed to determine the total mass of the particles in the channel.  A 

vibrating surface was then applied to the HeIIPMe rig to create a more reproducible and stable 

bed.  The upper screen was then pressed onto the sphere bed with a packing rod to reduce 

movement of the spheres (Figure 4.9B).  The height remaining in the channel is measured to 

determine the height of the packed bed.  The two screen thicknesses were taken into account.  A 

small flange that allows accessibility to the inner volume was sealed to the channel assembly 

with an indium o-ring.  The HeIIPMe rig was also sealed to the cryostat with an indium o-ring.  

This seal was checked with a helium leak detector to ensure no room temperature leaks into the 

vacuum jacket around the channel.  The channel vacuum jacket was maintained to < 10-5 torr, 

below the free molecular regime, with a turbo pump (as measured on the turbo pump inlet).  If 

higher pressures prevailed at low temperatures then there was superfluid leak and the indium seal 

would need to be redone.         

 

 
Figure 4.9: Procedure steps of pouring (A) and packing (B) the spheres into a bed  

 

A B 
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Purified gaseous He (ultra high purity 99.999 % helium) was used to purge the system of air 

before each run.  Three cycles of pumping out the dewar and replacing the vacuum with helium 

gas was performed before cool down.  This helps avoid unwanted gases (O2, N2, CO2, Ar, etc…) 

from diluting the helium bath and freezing inside the experimental rig’s porous media.  Liquid 

nitrogen is added to the jacket around the dewar as a thermal shield.  The dewar was then 

allowed to sit overnight to pre-cool.  Liquid helium is then transferred and pumped on to reduce 

the temperature.  Calibration points were taken before the heat transport experiments.  Three 

types of experimental procedures were then applied: steady state heat, pulse heat, and heat 

recovery.     

 

4.7.1 Steady state heat 

Steady state measurements were conducted after the temperature and/or pressure drop have 

completely stabilized.  The heat is incrementally increased to avoid quick fluctuations and 

boiling.  Also, at select times during heat addition process the heat flux was stepped 

incrementally downward.  This is done to quantify the hysteresis that occurs around the critical 

heat flux.  

 

4.7.2 Pulse heat 

The bath and temperature/pressure sensors were allowed to stabilize before adding each heat 

pulse.  Other studies have observed small excess pressure build up after their pulse heat 

experiments (Brewer and Edwards, 1961) (Childers and Tough, 1975), which is attributive to 

lingering vortex lines. This pressure build up is either not significant or the bath was allowed to 

stabilize for enough time to reduced number of vortex lines.  The LabVIEW program is set to 

record and after one second the heat pulse is triggered.  Larger pulses destabilized the bath 

temperature and therefore needed more time for stabilization between runs.        

 

4.7.3 Heat recovery 

In the transient studies, heat was applied in a step input and removed.  The heater switch was 

controlled by LabVIEW.         
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CHAPTER FIVE 

RESULTS 

In this chapter the preliminary runs, calibrations, and experimental runs are reviewed.  The 

steady state temperature data are presented and unknown variables are curve fitted.  The pressure 

and pulse data are also presented along with comparisons to models based on He II physics.   

  

5.1 Preliminary run 

One preliminary run and two calibration runs were first preformed.  During the first 

calibration run, four CernoxTM 1050-SD sensors were calibrated by comparing to a manufacturer 

calibrated CernoxTM sensor (x1181) with the goal of finding two with closely matching 

resistances and therefore two closely matching sensitivities.   Two sensors (x76647 and x76648) 

were selected based on this criterion.  The preliminary run defined the experimental limits of the 

sensors and onset of He II boiling while providing the experience necessary to further enhance 

the rigs temperature difference resolution.           

 

5.1.1 Self heating 

The second calibration run was performed in situ by two different methods.  The first method 

compared the sensors’ resistance to a manufacturer calibrated CernoxTM sensor (x1181).  The 

second method was achieved with comparisons to the saturated vapor pressure (SVP) of liquid 

helium.  The two different calibration methods yielded very similar results.  The second 

calibration method was also used on the sensor calibrated by the manufacturer and confirmed 

that the manufacturer’s calibration is correct.  

The results did not concur with the first calibration although the criterion for the CernoxTM 

sensors matching sensitivity was still satisfied.  This disagreement is due to unwanted self 

heating in the first calibration run.  The current was lowered in the second run and due to the 

agreement with the SVP calibration it is safe to assume that this current (100 nA) does not 

produce self heating.  In first calibration run, the temperature sensors were powered with 1 µA.  

Although the current plays a role in self heating the main cause for in the first calibration run was 

due to the sensors being in vacuum and inadequately heat sunk.  If the sensors are heat sunk in 

He II, a 1 µA current no longer creates enough self heating to affect the sensor’s performance.  
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 Figure 5.1 shows these two runs with three calibration curves for three sensors.  The 

calibrated sensor from the first calibration run artificially lines up with its calibration curve.  

However, the first calibration run (shown as the first three data plots) shows self heating in 

x76647 and x76648 because they were in a vacuum.  In the second run, the sensor were heat 

sunk in liquid helium.  The second run was calibrated in two ways: versus the manufacturer 

calibrated CernoxTM (calibration-A) and versus the SVP (calibration-B).  The two calibration 

methods line up to confirm the true calibration.  Error of ± 0.8 Ω exist in the resistances and ± 

0.5 mK in the temperature.       

 

 
Figure 5.1:  Data from two calibration runs with three calibrations.  The first calibration run (shown as the first three 
data plots) shows self heating in x76647 and x76648 because they were in a vacuum.  In the second run the sensor 
were heat sunk in the liquid helium bath.  The second run was calibrated in two ways: versus the manufacturer 
calibrated CernoxTM (calibration-A) and from the SVP (calibration-B).  Error of ± 0.8 Ω exist in the resistances and 
± 0.5 mK in the temperature.  

 

5.1.2 Preliminary steady state temperature drop 

The first preliminary run contained packed spheres of 35 µm average diameter.    Heat was 

applied to the He II above the porous media in small incremental steps.  This incremental heat 

was applied to the He II at four bath temperatures (1.7 K, 1.9 K, 2.0 K, and 2.1 K).  The 

temperature rise versus heat flux is shown in Figure 5.2.  Errors are high due to electrical 
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grounding issues, error in the calibration curve fits, and the heater resistance change due to 

boiling.  The 1.7 K bath data were removed because it was not reproducible. 

    

 
Figure 5.2: Preliminary temperature drop is plotted versus heat flux at different He II bath temperatures.  The range 
of the critical superfluid heat flux prediction is 0.04 – 0.15 W cm-2.      
 

The preliminary data roughly shows that the steady state He II temperature difference across 

a random pack of 35 µm diameter spheres increases linearly near the predicted critical heat flux 

(qc) and transitions to then becomes approximately proportional to q3 well above qsc, consistent 

with the onset of turbulence.  It is difficult to resolve the laminar regime due to high error in the 

temperature measurements.  In the temperature (1.6 K – 2.1 K) and pore size range (7.5 µm- 20.0 

µm) in this study the predicted critical heat fluxes (equation 2.22 and 2.23) are between 0.003 – 

0.06 W cm-2 for the normal critical heat flux qnc and between 0.04 – 0.15 W cm-2 for the 

superfluid critical heat flux qsc.         

An uncertainty analysis on the temperature difference shows that converting the resistances 

to temperature through a curve fit adds the most error.  The calibration curve fitting method was 

changed from a Chebyshev curve fit (manufacture suggested method) to an ExcelTM forecast fit.  

This new method reduces error of the temperature difference as it fits the data perfectly.   
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Analysis of heat flux shows that the volume calculation added the most uncertainty in the 

preliminary runs.  Better channel measurement where made to reduce these errors. 

The preliminary run heater was constructed of wrapped ManganinTM wire.  It had a resistance 

of 104 ohms at room temperature, which was only slightly reduced to 94 ohms at liquid helium 

temperatures.  The wrapping of the wire heater created small cavities, which received heat from 

all directions causing boiling within the heater.  This may be the cause of error in the 1.7 K bath 

data.  This heater was later replaced.                         

 

5.2 Porosity calculations 

A total of eight runs were preformed with eight random packed beds of spheres.  For each 

run the mass and height of the beds were recorded.  Table 5.1 gives the random packed bed 

porosities and length for each run along with the types of experimental procedure performed on 

the bed.   

 

Table 5.1: Packing analysis of the porosity and length of random packed beds  
run purpose average 

sphere 

size 

(µm) 

bed 

height L 

(mm)  

 

weight of 

particles  

(g) porosity α 

porosity 

uncertainty 

(±) 

channel 

diameter  

(µm)  (eq. 3.4) 

1 preliminary 35 51.98 2.4665 0.39 0.01 7.46 

2  SS and transient 

temp drop 

 

35 49.75 

 

2.3112 0.405 0.005 7.94 

3  SS and transient 

temp drop 

 

49 49.97 

 

2.4393 0.375 0.005 9.80 

4 SS and transient 

temp drop 

 

98 48.12 

 

2.3421 0.377 0.005 19.77 

5 pulse and pressure 98 48.05 2.3214 0.382 0.004 20.16 

6 pulse and pressure 49 50.42 2.4224 0.385 0.003 10.23 

7 pulse and pressure 35 52.22 2.4849 0.391 0.003 7.49 

8 pulse and pressure 98 52.23 2.5286 0.380 0.004 20.05 

 

The weight and height of the spheres were similar between runs.  The porosities of the runs 

were also similar between runs.  The averages for the 49 µm and 98 µm beds porosities match 

closely.  The 35 µm bed porosities were about 5 % higher than the other runs.  This difference is 
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counter to the idea that larger sphere sizes to bed sizes lead to more void space near the walls.  

The small sphere may be more prone to clumping together thus causing a high porosity. In Table 

1, the average channel size for the 98 m sphere beds vary slightly.  This variation is due to 

slight fluctuations in the porosity of each 98 m bed associated with the packing process.  This 

variation is typical and shows why the average channel diameter rather than particle size is used 

to characterize porous media. 

 

5.3 Temperature drop in He II through packed spheres 

The temperature drop in He II through packed spheres was first examined with a steady state 

heat flux without the pressure sensor attached.  In this section, the steady state turbulent, laminar, 

and transitional regimes are discussed.  The laminar regime is analyzed in two different ways.  

The critical heat fluxes are determined from the data’s deviation for the steady state regime.  

Transient measurements ΔT(t) are compared with a lump capacitance solution.    

 

5.3.1 Steady state heat transport 

Three flow regimes (laminar, transitional, and turbulent) are decipherable from the heat flux 

dependence of the temperature gradient.  The temperature gradient across the packed spheres is 

proportional to the heat flux q in the laminar regime and proportional to q
m in the turbulent 

regime.  Figure 5.3 shows black lines through the laminar and turbulent regimes. The black lines 

cross through data that was determined to have 88 % of the temperature gradient predicted by 

only one term (either laminar or turbulent) according to equation 3.19.  Light grey lines help to 

show the temperature gradients dependence on the heat flux and are guides to the eye.  High heat 

flux end points represent boiling and were disregarded in this fit.  Low heat flux data are 

disregarded when the temperature drop uncertainty is greater than 30 % of the total temperature 

drop (DT < 0.27 mK).   

 

5.3.1.1 Turbulent regime 

A numerical integration of equation 3.17 was performed to account for the highly 

temperature dependent properties.  Only points in the turbulent regime were chosen in this fitting 

routine.  The curve was fitted with the tortuosity that gives the least square error between 

temperature differences (Figure 5.4).  Error bars represent both fitting and measurement errors.   
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Figure 5.3: Temperature drop across the random packed spheres is proportional to the heat flux q in the laminar 
regime and proportional to qm in the turbulent regime.  The transitional regime lies in-between.  These results were 
calculated for average channel diameters of 7.9 µm, 9.8 µm, and 19.8 µm in a 1.7 K helium bath. 

   

 

Figure 5.4:  Tortuosity was obtained from fitting equation 3.17 with the turbulent regime. The average tortuosity of 
1.33 ± 0.07 was found.  Error bars represent both fitting and measurement uncertainty. 
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Previous works on laminar flow of Newtonian fluids through close random pack beds of 

spheres with porosities between 0.26 – 0.48 conclude that tortuosity is in the range of ω = 1.36 – 

1.4.  Thus, the average value of 1.33 ± 0.07 obtained in the present experiment is close to that 

obtained with laminar Newtonian fluid flows.  The average value of 1.33 is within the errors bars 

of all the tortuosity fits.    

Other He II in porous media experiments have resulted in a temperature dependent tortuosity 

of 3.3 – 1.9 in a 3 mm Al2O3 sample in the 1.7 K – 2.1 K range (Baudouy et al., 2006).  Another 

experiment resulted in high tortuosity values of 15.6 – 13.9 in a 3 mm composite insulation 

sample in the 1.7 K – 2.1 K range (Dalban-Canassy, 2010) which may suggest a consolidated 

sample with dead end pores.  In both of these experiments the tortuosity drops as the temperature 

approaches 2.17 K.  This is baffling because the tortuosity is considered a geometric factor.  

However, these other solution methods did not consider a temperature dependent Gorter-Mellink 

power law exponent but rather the theoretical prediction of m = 3 for all temperatures.       

There are slight systematic variations in the tortuosity value for different particle sizes but 

this occurs within the error bars.  This variation may be due to wall effects or variations in 

porosities but neither by its self successfully explains these slight variations.     

 

5.3.1.2 Laminar regime 

A numerical integration of equations 3.15 and 3.16 was done to account for the highly 

temperature dependent properties.  This is more important in the turbulent regime than in the 

laminar regime where the temperature difference and therefore property changes are small.  The 

permeability K and shape factor β were fitted respectively using least chi square error.  Only data 

purely in the laminar regime, where q is linearly proportional to the temperature gradient, were 

used in the fits.  Permeability K results are shown in Figure 5.5 and the shape factor β results are 

shown in Figure 5.6.         
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Figure 5.5:  Permeability was calculated using the least square fit with the laminar regime results.  Errors exist due 
to both fitting and measurement uncertainty. 
 

As expected, the permeability appears to be pore size dependent.  In the 1.7 K – 2.1 K range 

the permeability does not appear to be highly temperature dependent.  The laminar regime was 

not observable above 1.7 K with the 19.8 µm channel bed due to temperature resolution limits.  

Past studies of He II in porous media (porosity = 32 %) also show a relatively constant 

permeability in this temperature range of 3.8 x 10-15 m2 and 3.9 x 10-14 m2 for porous media 

samples with average pore sizes of 1 and 2 microns respectively (Allain et al., 2010) (Baudouy et 

al., 2006) (Frederking et al., 1986).  Some studies do show an increase of permeability below 1.7 

K (Allain et al., 2010) (Baudouy et al., 2006).  It is difficult to directly compare these results of 

permeability to other experiments due to variations in particle size, porosity, tortuosity, and 

sample length.    
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Figure 5.6:  The shape factor β was calculated using the least square fit with the laminar regime results.  Errors exist 
due to both fitting and measurement uncertainty.  

 

The results across a variety of particle sizes and temperature ranges arrive at an average  = 

14.7 + 0.4, - 2.3.  The error is due to a combination of measurement and fitting errors.  He II heat 

transfer in packed spheres had not been attempted before so there are no direct comparisons.  

The average value of 14.7 is within other β values of 12 and 32 for flat plates and circular 

channels.  Shape factor values of 12.4 – 15.1 are within the error bars of all points.    

 

5.3.1.3 Critical heat flux 

A deviation of 12 % from the laminar theory was assumed the onset of turbulence.  The 

highest heat flux data point determined in the laminar regime and the lowest heat flux data point 

above the onset of turbulence deviation were used in a linear interpolation to determine the 

critical heat flux qec1 at a 12 % deviation.  This was then related to a critical heat flux qc1 with 

respect to the flux line using the average tortuosity (Figure 5.7).  This 12 % deviation is a new 

determination for fluid regime in porous media although arbitrary.  An average of qec1 = 0.20 ± 

0.04 W cm-2 based from the porous media length was found, which corresponds to a qc1 = 0.26 ± 

0.05 W cm-2.   
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Figure 5.7: Critical heat flux qc1 of He II in random packed spheres was determined via data deviation from the 
temperature gradients linear relation to the heat flux qe.  A deviation of 12 % from the laminar theory is assumed to 
signal the onset of turbulence. 
 

The error bars represent half of the magnitude of the step increases in heat flux plus the 

temperature uncertainty associated with critical heat flux.  Past studies have indicated a peak in 

critical heat flux around 1.9 K – 2.0 K (Nakai et al., 1996).   Although the errors are high, the 

data seem to support the idea of a peak critical heat flux near 1.9 K.   

But as mentioned in Chapter 2, for this study two critical heat fluxes should be encountered.  

Two critical heat fluxes are not clearly decipherable possibly due to the variations in pore 

diameter, which may broaden the transition regime therefore making the two transitions 

indistinguishable.  With this broad transition regime there is no discrete slope change in the 

temperature gradient with respect to the heat flux as seen in channel flow experiments (Ladner 

and Tough, 1979).   

If we apply this 12 % deviation to the turbulent regime we are able to approximate a TII 

critical heat flux (Figure 5.8).   

 



57 
 

Figure 5.8: Critical heat flux qc2 of He II in random packed spheres was determined via data deviation from the 
turbulent temperature gradients relation to the heat flux qe.  A deviation of 12 % from the turbulent fit is assumed to 
signal the onset of turbulence TII.   

 

These values are similar to the 1.0 W cm-2 to 2.4 W cm-2  range found for TII in a recent 

study of 16 µm and 18 µm average pore size porous medias (Granieri et al., 2012).  Also, similar 

to Granieri’s data there appears to be a peak in critical heat flux around 1.9 K.  

 It is not clear if the critical heat flux has a channel diameter dependence in the 1.9 K – 2.1 K 

range.  The critical heat flux does appear channel size dependence in the 1.7 K data.  At this 

temperature the heat flux is proportional to dch
-0.4.  The -0.4 power dependence is in-between the 

theoretical -1 proposed by Feynman and the experiment values of -0.25 previously compiled 

(Van Sciver 2012).  Schwarz (1978) suggests this dependence to be associated with the 

annihilation of vortex lines.  In small diameter channels the vortex lines travel a shorter distance 

till eventually annihilation on the wall.        

TII critical heat flux values do not compare well with He II “Reynolds numbers” considering 

a channel size dependence.  This study’s determinations of R2, R3, and R4 under predicted the 

critical values observed by about an order of magnitude.  R5 over predicts the critical heat flux.  

R1 and R5 critical number are unknown from previous studies but they both vary significantly 
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with temperature.  The mismatch of critical TII values may be attributable to the small channel 

sizes evaluated in this study. 

  Another parameter of importance is the critical Reynolds number (equation 2.21) as flows 

that exceed this value may experience turbulence in the classical meaning (Figure 5.9).  In 

porous media, Newtonian fluids experience a transition from laminar flow at Reynolds numbers 

of 1 – 10 (Kaviany, 1995).          

 

Figure 5.9: Critical Reynolds number Rec of the He II normal fluid component in random packed spheres was 
determined via data deviation from the temperature gradients linear relation to the heat flux qe. 

 

The values obtained for the normal fluid critical Reynolds number are not consistent with 

turbulence onset of Newtonians fluids in porous media.  The Reynolds numbers of Newtonian 

fluids in porous media would suggest turbulence in the normal fluid is well developed at 1.7 K 

and 1.9 K before the critical heat flux is observed.  Because of this as well as variations in 

temperature and channel diameter the Reynolds number does not appear to describe the onset of  

turbulence in normal fluid in a consistent way.  This may be due to the normal fluid components’ 

interactions with the superfluid.    
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5.3.1.4 Transitional regime 

The laminar and turbulent empirical fits were added together (equation 3.19) to fit the 

transition regime between laminar and turbulent (Figure 5.10).  Tortuosity and permeability 

parameters from considering pure turbulent or laminar flow were used in this fit.   

 

 
Figure 5.10: An empirical fit of steady state temperature drop across bed of random packed spheres for varying heat 
fluxes unifies laminar and turbulent regimes and fits well with the temperature drop data at 1.7 K for He II through 
packed spheres.  
 

Error in this fit is concentrated in the transitional regime with maximum errors reaching 25 

%.  This is a pretty good fit considering it does not account for the TI turbulence.  This diversion 

from the theory may be connected to TI turbulence or hysteresis previously seen in the transition 

regime with He II in channel flow (Arp, 1970) (Tough, 1982), although we have not observed 

hysteresis in the present experiment.  Tough reports hysteresis may only be present in heat fluxes 

above the TII turbulence transition.  If that is the case, then the error can solely be attributable to 

the onset of superfluid turbulence. 
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5.3.2 Pulse heat 

The pulse heat experiments were preformed while a pressure sensor was attached.  Transient 

temperature drops and pressure drops were inconsistent.  This may be due different displacement 

volumes of the pressure sensors.  Temperature spikes were up to 28 % larger when the DP10-34 

pressure sensor was attached. This may also be due to the resonance frequency of the sensor.  

Transient pressure measurements in Section 5.4.3 detail the different resonance frequency of 

each pressure sensor. 

 

5.3.3 Heat recovery 

Transient data were obtained from the temperature response to the step-addition/recovery of 

various heat fluxes.  After the step addition of heat, the steady state temperature drop across the 

porous media was compared to the previous experiments with steady state heat transport (Figure 

5.11).  

 

 
Figure 5.11: Temperature drop from a gradual heat input and a step heat input for a 7.9 µm channel bed (35 µm 
spheres) in a 1.9 K helium bath 

 

 The step heat input data points lie in the turbulent and transitional regime while the laminar 

regime is inaccessible due to noise in the temperature signal.  In gradual heat addition, the steady 
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state temperature drop across the packed spheres is proportional to the heat flux q in the laminar 

regime and proportional to qm in the turbulent regime.  Step addition heat input data follows this 

trend very closely with only minor variations with the 35 µm spheres.  This may be due to 

pressure spike in the inner He II volume caused by low permeability.  A typical response (Figure 

5.12) shows a stable bath while the inner temperature sensor rises and falls.  The blip near 6.5 

sec is a time gap due to restarting the data collection routine.  The bath warms up slightly during 

this process.  Blips in the outer temperature sensor are due to changes in the supply current 

caused by the rapid resistance change in the sensors.  These temperature blips are artificial and 

thus negligible.   

 

Figure 5.12: Typical temperature response curve to step heating and heat recovery 
   

The time constants associated with the heat addition do not match up well with the prediction 

made in equation 2.30.  In equation 2.30 the time constants are shortened with increasing heat 

flux.  All time constants in this study increase with large heat fluxes.  This is attributable 

equation 2.30 predicting the vortex line development time instead of the time for temperature 

profile development.  In this study, the time constants were instead modeled with .  as in 
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Figure 5.13.  In this model a varies from 150 to 980 cm2.2sW-2.2 depending on temperature.  Only 

points in the turbulent regime were chosen in this analysis. 

 

 
Figure 5.13: Time constant of step input heat in a 9.8 µm channel bed (49 µm spheres) 

 

The temperature decay T(t) in the inner He II volume was recorded for different initial steady 

state temperature differences.  Figure 5.14 shows the temperature response when the heat 

creating the temperature difference is turned off at time zero.  The warm He II volume 

temperature decays to a bath temperature of 1.7 (a) or 1.9 K (b).  Error exists in all points of ± 

1.5 mK. 

     



63 
 

 

 

 

Figure 5.14: Temperature in He II contained in 7.9 µm, 9.8 µm, and 19.8 µm average channel beds decays from a 
steady state temperature difference to the He II bath temperature of 1.7 K (a) and 1.9 K (b).  Uncertainty exists in all 
points of ± 1.5 mK. 
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Figure 5.14 shows that the 9.8 µm and 19.8 µm channels share very similar response times.  

Results with the 7.9 µm channel take longer to decay to the bath temperature.  These results 

imply a possible pore size limit under which the time response of He II changes.  This may be 

explained by the small channels restricting the normal fluid and therefore the heat with viscous 

effects.     

Settling times (time to reach within 2 % of the final value) were between 200 and 700 msec.   

With a time constant defined by equation 2.31, the settling times were compared to the 

theoretical time constants in equations 2.34 and 2.35 combined with the tortuosity concept.  

Equation 2.34 depends on the heat flux through the He II.  Using this equation and the initial 

steady state heat flux, the time constant is on the order of a millisecond.  Equation 2.35 does not 

depend on the heat flux, but does depend on the temperature difference through the porous 

media.  Results from this equation yield response times of 5 msec – 50 msec.  Both predict a 

diffusion time at least an order of magnitude smaller than measured times.  Because these 

diffusion time predictions are much less than the measured decay times, we assume a steady state 

temperature gradient through the porous media.  

In the present studies transient experiments, the heat flux was not constant as the temperature 

difference decays with time. Instead a steady state profile is established through the porous 

media as in Figure 5.15.  Thus, the temperature difference for each time step can be used in 

equation 3.19 to determine a piece-wise time dependent heat transfer.  

The piece-wise heat transfer is then equated to the heat loss Qe in the He II with the lump 

capacitance model (equation 5.1) where at time = 0 the helium is at TH and at anytime time the 

inner helium space is at the measured T (t).   

                                                         (5.1) 

An expression for time dependence of the inner He II temperature (equation 5.3) was 

obtained from integrating equation 5.1 while assuming a constant density and temperature 

dependent heat capacity of c(T) =117 T
5.6 (Van Sciver, 2012).  The effective volume Veff is 

defined as the inner volume of the end cell plus a half of the He II volume contained in the 

porous media.  The effective heat through the porous media is found at each time using equation 

3.19.  Equation 5.2 is an intermediate step.     
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Figure 5.15: Piece-wise heat transfer determination assumes a steady state temperature gradient at each time step dt 
through the packed spheres and a time dependent heat flux during the decay.  The exiting heat flux is determined 
with the steady state model at each time with a numerical integration using a space step of dx. 
 

                                                (5.2)  

  
. . .                                               (5.3)  

Similarly to the heat recovery responses, this prediction for the time for the diffusion of heat 

is under variable heat flux conditions.  Equation 5.3 accounts for the changing heat flux and is 

plotted against the temperature response in Figure 5.16.  Agreement with this equation is good.   

   From the Figure 5.16, the temperature response time increased with decreasing temperature 

and increased temperature difference.  In most cases, the theory under predicts the temperature 

during the beginning of the response then over predicts it near the end of the decay.  The 

effective volume was used as a curve fitting parameter and was found to be 2.00 cm3.  This result 

makes sense because the inner He II volume was calculated from channel measurements to be 

1.67 cm3.  Results with the 49 µm and 98 µm spheres show relatively similar time results.  This 

was correctly predicted by all time response theories as the pore diameter is not a significant 

factor.   
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Figure 5.16: Equation 5.3 is plotted alongside the temperature decay for different bath temperatures.  Results shown 
are for the 7.9 µm channel bed.  

 

5.4 Pressure drop of He II through packed spheres 

The pressure drop runs were preformed in a similar way as the temperature drop runs.  The 

only difference being the increased purge and fill procedures to reduce large pressure 

differentials that may break the pressure sensor.  This becomes more important for the smaller 

spheres.  The temperature drop was also recorded on these runs and compares similarly with 

previous results. 

 

5.4.1 Pressure tap effects 

The pressure tap was designed to reduce the effects of the unwanted parallel heat flow.  

Reducing the diameter and increasing the length of the pressure tap restricts the amount of heat 

down the tap.  To check the effectiveness of this design the temperature drop before and after the 

pressure tap are compared in Figure 5.17.  This figure shows slight differences between the runs, 

which may be accounted for by the porous media variations.  The variations are reduced in the 

turbulent regime because there is less geometric dependence on the porous media on this regime.    
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Figure 5.17: Steady state pressure drop before and after pressure tap in two beds of 35 µm spheres 
 

5.4.2 Steady state heat transport 

Just as the temperature drop, the pressure drop across a random packing of spheres is linear 

with the applied heat flux below a critical heat flux.  Above this limit turbulence causes the 

pressure drop to follow a higher power of heat flux.  In the temperature drop this shift of 

dependence in the turbulent regime is larger than with the pressure drop results.   

Data at six temperatures each 100 mK apart were taken between 1.6 K and 2.1 K.  Three 

flow regimes (laminar, transitional, and turbulent) are visually decipherable from the heat flux 

dependence of the pressure gradient (Figure 5.18).  The pressure gradient across the packed 

spheres is proportional to the heat flux q in the laminar regime and proportional to qn (where n > 

1) in the turbulent regime.  Pressure drops as low as 2.3 Pa were resolvable with this 
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instrumentation configuration.  Results from the 49 µm and 98 µm spheres show similar 

temperature variation and heat flux dependence.       

 

 
Figure 5.18: Steady state pressure drop for different bath temperatures and 35 µm average sphere diameter  

 

Two runs were used with the 98 µm spheres to further collect lower heat flux data and to 

check results with another pressure sensor.  The data from both runs are superimposed on Figure 

5.19.  It shows that both sensors agree with the steady state data.  This agreement confirms the 

steady state functionally and accuracy of both pressure sensors.  Data using the DP10-20 are 

presented as hollow points and the data collected using DP10-34 are filled in grey.    
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Figure 5.19: Steady state pressure drop for different bath temperatures and 98 µm average sphere diameter with 
pressure sensors DP10-20 (hollow) and DP10-34 (grey) 
    

The pressure drop for different spheres sizes is compared in Figure 5.20.  In this figure both 

1.6 K and 1.8 K temperatures are shown with all three sphere sizes.  All other temperatures show 

similar comparisons.  At high heat flux, if the sum of the SVP and differential pressure is larger 

than 5035 Pa (the lowest pressure on the lambda line) then the pressure drop levels indicating a 

second order phase transition.  The lower pressure drops contain the largest error percentage due 

to the scale limits of the pressure sensor.   
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Figure 5.20: Steady state pressure drop for a 1.6 K (A) and 1.8 K (B) bath temperatures and with all sphere 
diameters  
 

B 

A
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5.4.2.1 Laminar pressure drop 

If Ergun’s laminar constant of 150 is changed to 116 then all laminar data matches Ergun’s 

fit (equation 3.11 and 3.12) to within 10 %.  Ergun’s turbulent fit does not match the data as it 

fails to predict the variations with temperature.  Similarly if the Kozeny factor is changed from 

180 to 116 the fit matches the data to within 10 %.  

Equations 2.37 and 3.20 were solved using the average temperature to determine the He II 

properties in Figure 5.21.  Entropy, the most temperature dependent property, changes by less 

than 1 % over the temperature range.   

 

 

 Figure 5.21: Laminar pressure drop data and laminar theory (equations 2.37 and 3.20) across a dch = 7.49 µm (35 
µm spheres).  

 

The permeability K and shape factor β were fitted using least chi-square error. Only data 

purely in the laminar regime (q < 0.07 W cm-2) were used in these fits.  Permeability results are 

shown in Figure 5.22 and the shape factor β results are shown in Figure 5.23.  Temperature drop 

data are also shown for comparison.           
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Figure 5.22:  Permeability was calculated using the least square fit with the laminar regime results. Errors are due to 
both fitting and measurement error.  Permeability based on the pressure drop is compared with existing permeability 
fitting from the temperature drop. 

 

Clearly, the permeability is pore size dependent.  In the 1.6 K – 2.1 K range the permeability 

does not appear to be temperature dependent although some slight variations do occur in the 

permeability calculation for the 20.05 µm channel bed.  Fits to the permeability based on the 

pressure measurements are more accurate than the same analysis from the temperature drop data 

due to smaller measurement errors in the pressure sensor.  Due to lower measurement error the 

permeability of a 20.05 µm channel bed is resolvable at all temperatures examined in this study.      

Past studies show an increase of permeability at 1.6 K as compared to 2.1 K (60 %, increase 

Allain et al., 2010) (10 % increase, Baudouy et al., 2006).  An increase in permeability is not 

seen in the present data. 

From the He II channel theory, equation 2.37, the shape factor β was determined in Figure 

5.23. 
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Figure 5.23:  The shape factor β was calculated using the least chi-square fit with the laminar regime data. Both 
fitting and measurement errors are shown above.  

 

The shape factors for a variety of particle sizes and temperature ranges are averaged to yield 

 = 13.1 ± 0.7.  This is within the error of the average  = 14.7 + 0.4, - 2.3 obtained from the 

temperature drop data.  The majority of the error in the shape factor is due to variations in the 

sphere size ds distribution and hence the average channel size.  The permeability fitting does not 

depend on the channel size while the shape factor accounts for it and the error associated with it. 

 

5.4.2.2 London’s equation 

In the laminar regime the pressure gradient is related to the temperature gradient through 

London’s equation (equation 2.4).  Figure 5.24 plots the temperature and pressure measurements 

along with the predicted London’s equation.  At low heat fluxes, London’s equation accurately 

relates the pressure and temperature gradients across the porous media.   
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Figure 5.24: Steady state pressure/temperature drop for a 1.7 K bath temperatures and with 98 µm average sphere 
diameter along with the comparison of London’s equation  

 

London’s equation accurately fits the data for low heat fluxes.  The black line is the 

approximate non-integrated solution to London’s equation.  Above pressure gradients of 1600 

Pa/m the comparison deviates from the prediction due to the onset of turbulence.  This 

correspond to a critical heat flux qc of 0.3 W cm-2 to 0.9 W cm-2 depending on the temperature, 

which is larger than the average critical heat flux of 0.19 W cm-2 discussed in Section 5.3.1.3.  

This is a blanket fit visual approximation for data between 1.6 K and 1.9 K.  Notice the larger 

error in the temperature measurement as compared to the pressure measurements.  The error 

difference is larger at higher temperatures. 

 

5.4.2.3 Turbulent pressure drop 

Equation 3.22 was numerical integrated to account for highly temperature dependent 

properties.  The temperature drop must be solved for simultaneously to accurately predict the 

temperature dependent properties such as entropy and viscosity.  A tortuosity of ω = 1.33, based 

from previous results, was used in the temperature drop calculation.  The permeability 

determined with equation 3.20 was used to reduce equation 3.22 to one unknown.  The curve is 
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fitted with the friction factor that gives the least chi-squared error when compared to the data 

(Figure 5.25).  Error bars represent both fitting and measurement uncertainty.   

   

 

Figure 5.25:  Fitting equation 3.22 with the friction factor f. Error bars represent both fitting and measurement 
uncertainty.  

 

Unlike classical fully turbulent friction factors, a He II friction factor (obtained from equation 

3.22) appears to have temperature dependence. Overall the friction factor deceases as the 

temperature is reduced. There does not appear to be any trends involving the relative roughness 

and the particle size. Therefore, the friction factor should not contain a dependence on relative 

roughness as originally hypothesized.  

Equation 3.24, the model that considers separating the dynamic pressure loss of each fluid, 

has two unknowns. For a solution we consider that one fiction factor dominates the pressure loss. 

For the case that bs << bn then bs varies with temperature which similarly to the classical friction 

factor solution goes against the idea of a fully turbulent friction factor that is constant.   

For the case that bn << bs then bn is the most constant out of all methods examined. The 

numerical integration was redone for this case to account for the temperature dependence in ρn 

(Figure 5.26). Maddocks’ values are similar to these data, which give an average of . . 

With this model the prediction is fitted to within 10% of the data (Figure 5.27).  
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Figure 5.26:  Fitting equation 3.24 with the friction factor bn assuming bn >> bs. Error bars represent both fitting and 
measurement errors.  
 

 
Figure 5.27: The unified transitional regime equation fits steady state pressure drop across 7.49 µm, 10.23 µm, and 
20.16 µm channel beds for varying heat fluxes with a bath temperature of 1.9 K.  
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5.4.3 Pulse heat 

The transient response of He II is important to the quick removal of thermal spikes in some 

superconducting magnets.  When the heater is pulsed with energy the pressure drop responds as a 

damped harmonic oscillator. The energy in the pulse increases the He II temperature and in turn 

raises the pressure drop across the porous media via the fountain effect. After the temperature 

equalizes back with the bath the superfluid component continues to slosh back and forth as there 

is no friction to keep it in place. This sloshing is resolvable with the pressure sensors but not the 

temperature sensors.  

Vinen was one of the first to study the transient effects of He II. His experiments (Vinen, 

1956) explained how a temperature gradient accelerates the two fluids. After a heater was 

switched on the He II flow oscillated at approximately 10 Hz. Mehl (1964) studied He II 

oscillation in porous media. In his experiments movement of the porous media starts the 

oscillations. After excitation he observed a near constant frequency of oscillation around 12 Hz.  

More recent work includes a miniature silicon based superfluid oscillator with effective 

aperature lengths of 0.17 µm to 0.69 µm (Schwab et al., 1996).  The measured frequency of the 

He II pressure oscillations in that case varied with temperature and aperture on the range of 20 

Hz to 160 Hz (Backhaus et al. 1997). The frequency change with temperature is explained by 

considering the effects of the normal fluid flow, compressibility, and thermal expansion 

(Backhaus and Yu. Backhaus, 1997). In this theory the frequency is a function of the superfluid 

density, which is highly temperature dependent in the 1.5 K – 2.1 K temperature range.   

In the present study oscillations are presented with adjusted times such that at t = 0 the pulse 

was applied (Figure 5.28). The pressure oscillation amplitudes are different for the DP10-20 and 

the DP10-34 sensors indicating that the sensor affects the dynamics of the measurement. Steady 

state data from the two sensors did match but the frequencies of the oscillations are sensor 

dependent. The DP10-34 sensor resonated at a frequency of 23.5 Hz while the DP10-20 

resonated at 4.0 Hz in all conditions. These frequencies do not match the temperature 

dependence to the pressure oscillations obtained previously (Backhaus et al., 1997) ((Backhaus 

and Yu. Backhaus, 1997). These studies used sensitive pressure sensors with low spring 

constants. In doing so the pressure sensor does not affect the transient measurement.  With 

higher spring constants the force in the spring oscillations overpowers the fluid moving forces 

resulting from chemical potential differences.   



78 
 

 

 
Figure 5.28: The He II pressure oscillates through 20.16 µm channel bed. After the first pressure peak and above 
58.9 mJ the oscillating pressure amplitude is diminished in a 1.9 K bath with a DP10-20.  

 

Instead, in the present study the frequency was modeled as a simple damped spring mass 

system such that  where k is the spring stiffness and m is the mass of the fluid in 

oscillation.  If we assume the two pressure sensors push the same amount of mass then in this 

model the relative spring constants of would be  , which is similar to the ratio of the 

pressure sensor ranges of  .   
Large spring constants in the pressure sensors were identified as the reason the oscillating 

pressure frequency changed from sensor to sensor. The pressure oscillation did not show the 

temperature dependence associated with chemical potential differences in the He II.  Better 

measurements may be possible with a more sensitive, less stiff pressure sensor to resolve some 

of the details of the He II pressure oscillations.           
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CHAPTER SIX 

CONCLUSION 

6.1 Temperature drop of He II in packed spheres 

6.1.1 Steady state heat 

In pure turbulent He II in the Gorter-Mellink regime, the addition of the tortuosity concept to 

the Sato heat conductivity fitting parameters with a temperature dependent G-M power law 

exponent describes He II heat transfer in random packed spheres very well.  This claim is 

supported by the results of a constant, temperature independent tortuosity of 1.33 ± 0.07 within 

the error bars in the 1.7 K – 2.1 K range, which is comparable to previous empirical fits with 

Newtonian fluids in random packed sphere beds.  Laminar results of the permeability are 

difficult to compare to past studies due to variations in pore size, tortuosity, and sample length.  

The shape factor β packed spheres appears temperature and channel size independent.  The 

variation of pore sizes creates a broad transition regime, which makes the critical heat flux 

determination less pronounced than straight channel flow experiments.  The critical Reynolds 

number does not appear to predict the onset of turbulence in the normal fluid component.  The 

addition of the laminar and turbulent equations predicts the transition regime with success.   

 

6.1.2 Heat recovery 

Current theoretical diffusion times do not accurately predict the temperature decay of He II in 

porous media.  Depending on the solution method the theoretical diffusion times can either be 

one or two orders of magnitude lower.  Temperature decay results for various porous media 

permeability’s imply a possible pore size limit under which the time response of He II changes.  

A piece-wise heat flux was determined to have the best comparison with the temperature decay 

from a steady state temperature difference.  The addition of the tortuosity concept to this solution 

accounts for added time due to the porous media.   

 

6.2 Pressure drop of He II in packed spheres 

Laminar results of the permeability and shape factor match closely to previous results using 

the temperature difference across a bed of packed spheres. The increase in accuracy over the 

temperature drop results gives a more temperature independent permeability. In the laminar 
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regime the shape factor of packed spheres is very similar to the shape factors for flows between 

two flat plates.   

The use of the two-fluid model to separate the two pressure contributions in the turbulent 

regime fit the data with the most consistent fiction factor when the superfluid friction factor is 

assumed to be zero. To determine the effect of the relative roughness a larger range of sphere 

sizes must be examined. While a constant fiction factor is used for fully turbulent Newtonian 

flows, it is still unknown whether a He II friction factor for turbulent flow should be dependent 

on a still unknown He II “Reynolds number” or temperature.  

 

6.3 Application of work 

In superconducting applications, using a porous insulation instead of fully epoxy-

impregnated insulation could potentially increase cooling efficiency by allowing an intimate 

contact of He II with the conductor.  A simple configuration of two electrical insulations, 

alternating in channel sizes, could help fan heat away from the conductor.  The larger channel 

size insulation (> 10 µm) would be large enough to allow the normal fluid component to pass 

and thus permit heat removal.  The superfluid would flow counter to the normal fluid but through 

the adjacent smaller channel size insulation (< 1 µm) to avoid mutual friction between the two 

fluids.  The two insulation would work together to create circular flows of heat away from the 

conductor.  
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APPENDIX A 

CURVE FITTING HE II PROPERTIES  

The specific heat is curve fitted (Figure A.1) as . .     
 

   
Figure A.1: Specific heat curve fit  

 

The entropy curve fit (Figure A.2) as . . .   

 
Figure A.2: Entropy curve fit  
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The viscosity curve fit is μ . . .. . (Figure A.3) 

 

  
 Figure A.3: Viscosity curve fit  

 

The normal to total density ratio is curve fitted as 
. . 

 

The error between the fit and the HEPAK© data near the lambda line should not 

contribute significantly to calculation errors because the most data is collected was well below 

the lambda line.  
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APPENDIX B 

CERNOX
TM

 1050- SD CALIBRATION 

The CernoxTM temperature sensors were calibrated during each run to negate the effects of 

minor shifts in the calibration.  The first calibration contains offsets from the self heating of the 

sensor.  The second calibration run used two calibration techniques with matching results.  Self 

heating is not a concern at 1 µA while in a helium bath.  Calibrations of the two sensors (inner 

and outer) are shown in Figure B.1 to be repeatable and consistent.  Some changes in resistance 

may be due to soldering fixes to the temperature sensors lead wires.  

 

 
Figure B.1: CernoxTM calibrations 

 
The calibration shift over time is examined in Figure B.2.  The darker the line the more 

recent the calibration was taken.  This figure shows no trend in time to the minor variation of 
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sensor resistances.  The variation may be due to resolution error or zero shift in the Baratron® 

pressure gauge and changes in the instrumentation.   

 

Figure 
B.2: CernoxTM variations with time 
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APPENDIX C 

VALIDYNE
©
 DP10 CALIBRATION 

The Validyne© DP10 pressure sensors have a linear relation between the pressure differential 

and output voltage.  This linearity remains the same at all temperature but the zero differential 

output voltage is affected by temperature.  Calibrations of each DP10 at room temperature were 

performed to determine the linear relationship.  In situ calibrations of the sensors are done to 

determine the zero pressure differential output voltage (Figure C.1).  There is an unexplained dip 

in the voltage near 2.1 K.  The DP10-20 is more affected by the temperature than the stiffer 

DP10-34.  The calibration dates are also provided to show how thermal cycling or experimental 

runs can affect the zero pressure voltage offset.  This offset was shifted closer to zero than each 

previous calibration. 

 

 
Figure C.1: Validyne© zero pressure differential voltage output  
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APPENDIX D 

SPRINGER COPYRIGHT PERMISSIONS 
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APPENDIX E 

THE NETWORK GENERATION COMPARISON FORUM 

COPYRIGHT PERMISSION 
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