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ABSTRACT

In this paper, the first of a series, we propose a novel approach, based on
Computational Fluid Dynamics (CFD), to understand the complex transverse thermal-
hydraulic processes in the dual-channel cable-in-conduit conductors (CICC), which are
used for the superconducting magnets of the International Thermonuclear Experimental
Reactor (ITER). Advanced 2D and 3D CFD, including sophisticated turbulence models, is
used to compute the mass flow rate corresponding to an imposed pressure drop in rib-
roughened pipes, including spirals mimicking the central channel of an ITER CICC and
used in several experiments. The results of the calculation are validated against measured
data and can be used to deduce the friction factor fH in the central channel, throwing at the
same time some light on the role played by the different parameters (Reynolds number,
spiral geometry, etc.) in the central channel friction process for an ITER CICC.

KEYWORDS: Fusion reactors, ITER, Superconducting magnets, Computational methods
in fluid dynamics, Turbulence simulation and modeling
PACS: 28.52.-s, 84.71.Ba, 47.11.+J, 47.27.Eq, 47.60.+i

INTRODUCTION

In the superconducting magnets of ITER, supercritical helium in forced convection
flows both in the voids of the annular region where the cable bundle is present - a porous-
medium-like structure, and in the lower hydraulic impedance central channel (hole),
delimited by a spiral, see FIG. 1. Assessment of the pressure drop along the CICC is
crucial in the determination of the pumping cost of the coolant and this requires suitable
correlations for the friction factors in each region. The latter influence also the flow
repartition in the CICC, i.e., the fraction of flow directly available for the cooling of the
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FIGURE 1. Exploded view of an ITER CICC (inner hole diameter is 10 mm in this case).

cable, and are at the same time major input ingredients for the customarily ID (axial)
modeling of ITER CICC's, see, e.g., [1].

The traditional approach to the determination of these friction factors requires at least
another independent set of measurements, besides the hydraulic characterization (pressure
drop Ap on a pipe length L vs. total mass flow rate) of the whole CICC [2], in order to
determine the mass flow rate in the central channel dm/dt. Either the central channel is
blocked, and dm/dt is deduced by difference, see, e.g., [3], or a spiral rib-roughened pipe
can be used to mimic the real central channel, see, e.g., [4]. The friction factor in the
central channel in which we are most interested here, is then defined

asfH = -1-—*£-—- where Dh is the hydraulic diameter, A the flow area *, p is the fluid
2L(dmldt]

density. However, notwithstanding their apparent simplicity, these measurements do not
always lead to an unequivocal picture [2] so that, in parallel to the experimental efforts
conducted worldwide, it may be worthwhile attempting also other approaches.

Here we propose a novel general approach to the thermal-hydraulic modeling of ITER
CICC's. While axial processes are fully retained in the typically ID (axial) models,
transverse processes require a lumped parameter description, which is given in terms of
friction factors, heat transfer coefficients, etc., since global 3D modeling of the whole

1 In order to be consistent with the present ITER design criteria, we define here both the hydraulic diameter and the flow area based on
the central channel outer diameter D^, (i.e., including the spiral thickness).
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FIGURE 2. Parameters defining the channel geometries (annular, transverse and spiral repeated ribs) used
for model validation.

CICC is obviously unpractical. Here we propose to use sophisticated CFD tools (the
FLUENT code in the present case [5]) to provide a local 2D/3D description of the CICC,
from which constitutive relations for the relevant transverse transport fluxes can be first
deduced and then applied to global ID modeling.

For the present paper we restrict our attention as a first application of the above
approach to friction in the central channel. The role of the central channel geometry (spiral
width w, thickness h and gap g, as well as outer diameter Dout and spiral angle 9) was
relatively early recognized as influencing the pressure drop [6] and will be assessed
here. While our approach has to assume a definite geometry of the CICC, it might also be
used to computationally study the effect of geometrical irregularities and/or deviations
from ideal/design conditions, as they were recently observed, e.g., for some central channel
spirals [7], on the thermal-hydraulic performance of the CICC.

MODEL DESCRIPTION

The FLUENT code solves a finite volume approximation of the Navier-Stokes
equations in several space dimensions, provided a suitable grid is preliminarily built on the
computational domain.
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Flow in the central channel is typically turbulent, with Reynolds number

Re,, = — — - > 1 04 , // being the fluid viscosity, u the average flow velocity, and

incompressible (Mach number < 0.1) for typical ITER coil operating conditions
(supercritical He @ temperature T~ 5 K, pressure/? - 0.5 MPa, dm/dt ~ 10 g/s, Dout -9-12
mm). Also, we shall make the assumption (which is always very well verified in the
experiments referred to below) that the flow is isothermal, with constant transport
properties.

Here we are interested in fully developed turbulent flow in ducts having stream-wise
periodic variations of the cross-section (due to the gaps of the spiral, in the case of ITER
CICC). Separation and possibly reattachment phenomena occur downstream of the
obstacles (e.g., helical ribs) inserted on the inner surface of the duct. This flow feature will
be the major item in the choice of the turbulence model below.

Choice of the turbulence model

We do not attempt here a direct simulation of the turbulent flow field. Among
FLUENT features we choose a so-called Reynolds-Averaged Navier-Stokes (RANS)
approximation to the simulation of turbulence [8]. This approach consists in averaging the
Navier-Stokes equation on a period of time much longer than the time scale of turbulent
fluctuations, which are filtered away. The filtering procedure results in having additional
dependent variables (Reynolds stress tensor), and a proper "closure" (the Boussinesq
approximation in our case) must be used to express them as a function of the time-
averaged original dependent variables. In the Boussinesq approximation, the so-called

FIGURE 3. Validation of simulations against smooth-tube correlations. Friction factor/vs. Reynolds
number.
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eddy viscosity is introduced, which is a function of the flow field.
Within this framework, different possible options are available to model the eddy-

viscosity. Here we choose two which, based on the available literature, appear most
promising for problems with flow separation:

> The 2-layer k-s model of Chen and Patel [9],
> Thek-comodelofWilcox[10],

where k is the turbulent kinetic energy, s is the turbulent energy dissipation rate and co <x
s/k.

The 2-layer model of Chen and Patel divides the flow domain in two regions: a near-
wall region, including the viscous sub-layer, the buffer layer and a small part of the
turbulent core, where a one-equation model is solved to compute the eddy viscosity; the
rest of the fully developed turbulent core region, where the standard k-s model is used to
calculate the eddy viscosity as a function of k and s.

The k-co model of Wilcox is a two-equation model, specifically developed to
accurately predict non-equilibrium, adverse pressure gradient flows. Here the eddy
viscosity is computed as a function of k and co.

FIGURE 4. Comparison of simulations and measurements in the case of repeated annular ribs (2D) and
spiral rib-roughened tubes (3D).
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FIGURE 5. Computational 3D grid for FLUENT analysis of CS1.2B spiral. Note the use of hexahedra in the
gap and boundary layers, while tetrahedra are used in the core flow region.

MODEL VALIDATION

We perform here a fairly comprehensive set of validation exercises of the FLUENT
model, using two selected turbulence models. We start from the smooth tube, for which
very accurate correlations are available. We then move to the case of repeated ribs with
both annular/transverse (2D) and spiral (3D) geometry, taken from the available (non-
ITER) literature (mainly in the field of turbulence promoters for compact heat exchangers)
and finally compare the results of our simulations with measurements performed on both
an ITER spiral and on the central channel of an actual ITER CICC. The set of geometries
considered, together with the respective most relevant parameters, is summarized in FIG.
2. Also, different fluids (air and water) were used in these tests, and we shall assume
constant thermodynamic and transport properties.

In all cases, grid-independence of the solution was verified numerically. Grid-
independence of 2-layer k-s and k-co RANS solutions requires a grid able to resolve both
the recirculation regions, where present, and the boundary layer including the viscous sub-
layer. This typically requires grids whose first cell adjacent to the wall has y+ < 1
(y+ = pyV / V is a Reynolds number based on the distance y of the cell center from the
wall and the velocity V* = JTW I p , TW being the wall shear stress).

Smooth tube

This is quite obviously the simplest but already relevant test for our approach. A 2D
(axisymmetric) periodic model is built. For any given pressure drop applied on the unit
(periodic) length, the corresponding mass flow rate is computed by FLUENT and the
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FIGURE 6. Comparison of simulations and measurements in the case of ITER spirals.

friction factor correlation is deduced from this computational hydraulic characterization.
Results of the simulations are shown in FIG. 3, indicating a very good agreement with

Prandtl's universal law of friction for smooth tubes, —i= = 2.0Zogf2Re^//)-0.8, for
2v/

both turbulence models, in the range 104 < Re < 106.

Repeated ribs (annular and spiral)

In view of their relevance as turbulence promoters, there is a long history of
measurements and analysis of repeated ribs, starting from the pioneering work of Webb
[12]. Data from [12] and [13] are used here for the case of annular and transverse ribs,
respectively, data from [14] for the case of spiral rib-roughened pipes. Simulations, see
FIG. 4, show a very good agreement with the measurements in the case of annular ribs,
particularly when the 2-layer k-s turbulence model is used, whereas in the case of the
spirals the agreement is very good for the 49 degree spiral case but worse (~ 20 % error)
for the 70 degree case (notwithstanding its less 3D nature).

ITER spirals

As last and most ITER-relevant application we consider here two cases: a) the so-
called I-10 spiral, recently tested at CEA [4], and b) the CS1.2B conductor, tested at CRPP
[3]. An example of the complex, mixed hexahedral-tetrahedral, mesh used for the
simulation of the latter is shown in FIG. 5. Results presented in FIG. 6 confirm the very
good agreement between simulations and measurements when the 2-layer k-8 turbulence
model is used.

CONCLUSIONS AND PERSPECTIVE

A novel approach has been proposed for the hydraulic analysis of ITER CICC, based on
Computational Fluid Dynamics. The FLUENT code was applied to the problem of
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turbulent flow in several geometries relevant to the central channel of ITER conductors.
2D and 3D simulations show very good agreement with measured data in a broad range of
operating conditions, when the 2-layer k-s turbulence model is used.

This approach allows therefore to reliably compute the friction factor in the ITER
central channel as a function of Reynolds number as well as spiral geometry. In
perspective the same approach will be applied to the study of other thermal-hydraulic
issues of ITER CICC, e.g., friction in the bundle, heat transfer to the central channel,
advection between bundle and central channel.

ACKNOWLEDGEMENTS

This work is supported by EFDA and MIUR.

REFERENCES

1. Zanino, R., DePalo, S., and Bottura, L., "A Two-Fluid Code for the Thermohydraulic Transient Analysis
of CICC Superconducting Magnets", J. Fus. Energy 14 (1995) 25-40.

2. Zanino, R. and Savoldi Richard, L., "A review of thermal-hydraulic issues in ITER cable-in-conduit
conductors", submitted to Cryogenics (2005).

3. Bruzzone, P., "Pressure drop and helium inlet in the ITER CS1 conductor", Fus. Eng. Des. 58-59 (2001),
211-215.

4. Nicollet, S., et al., "Task CODES: Results of ITER type central spirals friction factor measurements in
the OTHELLO facility and application for ITER Coils", CEA Report AIM / NTT- 2003.018.

5. Fluent 6.1 User's Guide, Fluent Inc., Lebanon Pennsylvania, 2003.
6. Zanino, R., Santagati, P., Savoldi, L., Martinez, A., and Nicollet, S., "Friction factor correlation with

application to the central cooling channel of cable-in-conduit super-conductors for fusion magnets",
IEEE Trans. Appl. Supercond. 10 (2000) 1066-1069.

7. Zapretilina, E., "Some results of the TFCI destructive examinations", ITER Conductor Meeting,
Muerren, 25-28 January 2005

8. Wilcox, D. C., Turbulence modeling for CFD, DCW Industries Inc., La Canada, 1998, pp. 35-36.
9. Chen, H. C., and Patel, V. C., "Near-Wall Turbulence Models for Complex Flows Including Separation",

AIAA Journal 26/6, pp. 641-648 (1988).
10. Wilcox, D. C., "Reassessment of Scale-Determining Equation for Advanced Turbulence Models", AIAA

Journal 26/11, pp. 1299-1310(1988).
11. Driver, D. M., and Seegmiller, H. L., "Features of a Reattaching Turbulent Shear Layer in Divergent

Channel Flow", AIAA Journal 23/2, pp. 163-171 (1985).
12. Webb, R.L., Eckert, E. R. G., and Goldstein, R. J...., "Heat transfer and friction in tubes with repeated-

rib roughness", Int. J. Heat Mass Transfer 14, pp. 601-617 (1971).
13. Han, J.C., Glicksman, L.R., and Rohsenow, W. M., "An investigation of heat transfer and friction for

rib-roughened surfaces", Int. J. Heat Mass Transfer 21, pp. 1143-1156 (1978).
14. Gee, D.L., and Webb, R.L., "Forced convection heat transfer in helically rib-roughened tubes", Int. J.

Heat Mass Transfer 23, pp. 1127-1136 (1980).

1016


	Welcome Screen
	Title Page
	Editors
	Copyright
	Preface
	CEC Awards
	2005 CEC Board and Technical Editors
	Acknowledgments
	The First Cryogenic Engineering Conference
	Contents
	PART A
	PULSE TUBE CRYOCOOLERS
	Development of a Large-capacity, Stirling-type, Pulse-tube Refrigerator
	Performances Prediction and Experimental Investigations on Integral Pulse Tube Cryocooler for 15 W at 70 K Using Indigenously Developed Linear Compressor
	Performances of Stirling Type Pulse Tube Cryocooler for Sub-cooled Nitrogen System
	Control of Secondary Flow in a Double-inlet Pulse Tube Refrigerator
	Novel Regenerator Material Improving the Performance of a Single Stage Pulse
	Pulse Tube Refrigerator Based Cryogenic Cooling Circuit for NMR Cold Probes
	The Development of a Pulse Tube Cooler with More than 1 W at 4.2 K
	Inertance Tube Optimization for Pulse Tube Refrigerators

	LTS SUPERCONDUCTING MAGNET SYSTEM-I
	Failure Scenarios and Mitigations for the BABAR Superconducting Solenoid
	Thermal Performance of the LDX Floating Coil
	Development and Test of Nb3Sn Cos-Theta Coils Made of High-Jc RRP Strands

	HELIUM II AND HELIUM II SYSTEMS-I
	A Study on the Heat Transfer Properties of Pressurized He II through Fine Channels.
	Experimental and Numerical Studies on Thermal Hydraulic Characteristics of He II through Porous Media
	Design and Testing of a 2K Superfluid Helium Heat Station
	Transient Heat Transfer from a Flat Plate in Forced Flow of Pressurized He II
	Transient Heat Transfer Measurements in Forced Flow of He II at High Velocities

	CRYOGENIC SYSTEMS AND DEVICES
	Buoyancy-Driven Natural Convection of Liquid Helium in Electron Bubble Chamber
	Helium Pot System for Maintaining Sample Temperature after Cryocooler Deactivation
	Sonic Helium Detectors in the Fermilab Tevatron
	Numerical Analysis and Experimental Study on Natural Convection in the Sample Enclosure Cooled by a G-M Refrigerator
	Design Optimization of Liquid Nitrogen Based IQF Tunnel
	Automatic Transfer between Two Cryogenic Robots for the Laser Megajoule Facility

	CRYOGENIC THERMAL INSULATION SYSTEMS-I
	Experimental Investigation of Multilayer Insulation by Using Boil-off Calorimetry
	The Outgassing Test of a HTS Power Cable Cryostat

	CRYOGENICS FOR SPACE EXPLORATION
	ZBO Cryogenic Propellant Storage Applied to a Mars Sample Return Mission Concept
	Cryo-Tracker Mass Gauging System Testing in a Launch Vehicle Simulation
	Optical Gauging of Liquid and Solid Hydrogen in Zero-g Environments for Space Applications
	Liquid Nitrogen (Oxygen Simulant) Thermodynamic Vent System Test Data Analysis
	Testing of a Spray-Bar Thermodynamic Vent System in Liquid Nitrogen
	Design and Analysis of a Scalable In-situ Cryogen Production Facility for Space Exploration

	INSTRUMENTATION AND CONTROLS-I
	Autotune of PID Temperature Control Based on Closed-loop Step Response Tests
	Cryogenic Fiber Optic Temperature Sensors Based on Fiber Bragg Gratings
	Cryogenic Radio Frequency Two-phase Flowmeter
	A Cryogenic Mass Flow Sensor

	CRYOFUELS
	Cryo-delivery Systems for the Co-transmission of Chemical and Electrical Power

	CRYOGENIC SAFETY
	Diffusion of Gases in Air and Its Affect on Oxygen Deficiency Hazard Abatement
	Dewar Safety: Risks and Corrective Actions
	Hydrogen Safety Issues Compared to Safety Issues with Methane and Propane

	CRYOCOOLER MODELING
	Design Model for a Two-stage Pulse Tube Cryocooler
	Modelling of a 10 K Collins Type Cryocooler
	Enthalpy, Entropy, and Exergy Flows-Real Gas Effects in Ideal Pulse Tube Cryocoolers
	Thermoacoustic Analysis of Displacer Gap Loss in a Low Temperature Stirling Cooler
	Motor and Thermodynamic Losses in Linear Cryocooler Compressors

	HELIUM II AND HELIUM II SYSTEMS-II
	Influence of the Steady Background Turbulence Level on Second Sound Dynamics in He II
	Heat Transport Near the Lambda Line in a Channel Containing He II
	Temperature Dependence of the Gorter-Mellink Exponent m Measured in a Channel Containing He II
	Variation of Film Boiling Modes in He II from Strongly to Weakly Subcooled States
	Heat Transfer Coefficient Measurement Study of Several Film Boiling Modes in Subcooled He II
	Heat Transfer through Porous Media in Static Superfluid Helium
	Effect of Property Variations on the Operation of Superfluid Porous Plug Pumps

	NOVEL CONCEPTS AND NEW DEVICES
	A Liquid Helium Circulation System for MEG
	Cryogenic Design and Operation of Liquid Helium in Electron Bubble Chamber
	Assessment of Commercial Fluorescent Paints on their Applicability to the Cryogenic Thermography System

	FLUID MECHANICS, HEAT TRANSFER, AND PROPERTIES OF CRYOGENS-I
	The Effect of the Variability in the Isotopic Composition of Gases on Top-accuracy Cryogenic Temperature Standards and Remedies
	Forced Convection Heat Transfer of He I and He II at Pressures up to Supercritical.
	Flare R&D for Ultra Pure Liquid Argon
	Ortho and Para Hydrogen Concentration Determination Based on Vapor Pressure
	Thermal Conductivity of Powder Insulations for Cryogenic Storage Vessels.
	Thermal Diffusion of Heat Pulse in Subcooled Liquid Nitrogen
	Experimental and Theoretical Study of a Two Phase Helium High Circulation Loop

	CRYODISTRIBUTION SYSTEMS AND COMPONENTS
	Cryogenic Distribution for Beam Transfer Lines, Radioactive Secondary Beam Fragment Separator and Storage Ring of FAIR.
	Helium Transfer System for the Superconducting Devices at NSRRC
	Performance Assessment of 239 Series Helium Sub-cooling Heat Exchangers for the Large Hadron Collider
	Development of an Energy Efficient Cryogenic Transfer Line with Magnetic Suspension
	Testing of Prototype Magnetic Suspension Cryogenic Transfer Line.
	Numerical Analysis of the Final Cooldown of a 3.3 km Sector of the Large Hadron Collider.

	J-T, MAGNETIC AND OTHER COOLERS-I
	A Unified Perspective of Cryocoolers
	The Behavior of the Mass Flow Rate of a Joule-Thomson Refrigerator.
	Nitrogen Separation and Liquefaction Apparatus for Medical Applications and its Thermodynamic Optimization

	HYDROGEN AND LNG FACILITIES
	Cryosorption Pumps for a Neutral Beam Injector Test Facility.
	Design and Build of Magnetic Refrigerator for Hydrogen Liquefaction.
	Numerical Simulation and Optimization of Small Scale LNG Plant

	ADVANCED CRYOCOOLER TECHNOLOGY DEVELOPMENT PROGRAM
	NASA's Advanced Cryocooler Technology Development Program (ACTDP)
	NGST Advanced Cryocooler Technology Development Program (ACTDP) Cooler System
	Development of a Space-type 4-stage Pulse Tube Cryocooler for Very Low Temperature
	Ball Aerospace 4-6 K Space Cryocooler

	CRYOCOOLERS FOR HTS APPLICATIONS
	Development of a 25 K Pulse Tube Refrigerator for Future HTS-Series Products in Power Engineering
	Rotating Cryocooler for Superconducting Motor
	Design of a Very Large Pulse Tube Cryocooler for HTS Cable Application
	Closed Loop Cooling Systems for HTS Applications

	HYDROGEN LIQUEFACTION SYSTEMS AND COMPONENTS
	A Superconductive MgB2 Level Sensor for Liquid Hydrogen.

	CRYOCOOLERS AND REGENERATORS
	Gas Bearing Implementation of Small Cryocooler Compressor.
	Performance of a GM Cryocooler with Oil-free Linear Compressor
	4 Kelvin Cryogenic Probe for 500 MHZ NMR.
	Performance of a Miniature Pulse Tube Cryocooler
	Investigation of the Characteristics for the Pulse Tube Refrigerator Using Active Phase Controller as a Phasor.

	HTS SUPERCONDUCTING MAGNET SYSTEMS-I
	A Closed Neon Liquefier System for Testing Superconducting Devices.
	High Tc Superconducting Magnet Excited by a Semiconductor Thermoelectric Element

	SAFETY AND FAILURE MODES IN LARGE CRYOSYSTEMS
	Experimental Validation of the LHC Helium Relief System Flow Modeling
	Pressure Rise Analysis When a Hydrogen Leak from a Cracked Pipe in the Cryogenic Hydrogen System in J-PARC

	HYDROGEN MODERATORS AND TARGETS
	Design Result of the Cryogenic Hydrogen Circulation System for 1MW Pulse Spallation Neutron Source (JSNS) in J-PARC

	COOLING SYSTEMS FOR POWER CABLES
	Performance Testing of a Cryogenic Refrigeration System for HTS Cables
	A Cool-down and Fault Study of A Long Length HTS Power Transmission Cable
	Testing of a Liquid Nitrogen Cooled 5-meter, 3000 A Tri-Axial High Temperature Superconducting Cable System
	Cryogenic System for 75M Three-phase AC HTS Cable
	Cooling Characteristics in Long Channels with Sub-cooled Nitrogen
	Thermomechanical Properties of 30M HTS Power Cable in DAPAS Project

	CRYOCOOLERS 4K
	High-frequency Pulse-tube Refrigerator for 4 K
	Small Helium Liquefiers Using 4 K Pulse Tube Cryocoolers
	Development of SHI 1.0 W 4 K Two-stage Pulse Tube Cryocoolers
	Development of a 4 K Separate Two-stage Pulse Tube Refrigerator with High Efficiency
	Tandem GM-type Pulse Tube Refrigerator with Novel Rotary Valve and Bypass Valve Mechanism

	FLUID MECHANICS, HEAT TRANSFER AND PROPERTIES OF CRYOGENS-II
	100th Anniversary of the Discovery of Helium in Natural Gas
	Heat and Mass Transfer in Nucleate Boiling Regime of He I in a Natural Circulation Loop
	Debye Equation of State for 3He from 0.01 to 20 K.
	A New 3He Vapor-pressure Equation on ITS-90 Scale.
	Numerical Analysis on Shields and Struts Cooling Using Cold Helium Gas in MECO Magnets

	SUPERCONDUCTING RF SYSTEMS-I
	Status of the ISAC-II Cryogenic System
	Cold Tests of the ISAC-II Medium Beta Cryomodule
	Results from the Juelich Accelerator Module Based on Super-Conducting Half-wave Resonators
	Single Crystal Piezoelectric Actuators for Tunable HTS Filters

	J-T, MAGNETIC AND OTHER COOLERS-II
	Cryogen-free Dilution Refrigerator Precooled by a Pulse-tube Refrigerator with Non-magnetic Regenerator
	The Experimental Evaluation of a Proof of Principle Superfluid Joule-Thomson Refrigerator
	A Rapid Turnaround Two-Stage Adiabatic Demagnetization Refrigerator for Cooling to 50 mK.
	Adiabatic Demagnetization Refrigerator Field Mapping and Shielding Models for a 70 mK Superconducting Transition-edge Sensor Array and Associated Electronics
	Progress on a 4K to 10K Continuously Operating Adiabatic Demagnetization Refrigerator
	Microcooling Developments at the University of Twente
	Cryogenic Active Magnetic Regenerator
	Numerical Analysis of an Active Magnetic Regenerator  (AMR) Refrigeration Cycle

	FLUID MECHANICS, HEAT TRANSFER, AND PROPERTIES OF CRYOGENS-III
	Convection Design of Cryogenic Piping and Components.
	CFD Modeling of ITER Cable-in-Conduit Superconductors. Part I: Friction in the Central Channel
	CFD Analysis on Two-phase Pipe Flow of Slush Nitrogen
	PIV Measurement of Slush Nitrogen Flow in Pipe
	Fundamental Study of Pipe Flow and Heat Transfer Characteristics of Slush Nitrogen


	PART B
	HYDROGEN ABSORBERS, MODERATORS AND TARGETS
	Liquid Hydrogen Target Experience at SLAC
	The Los Alamos Neutron Science Center Hydrogen Moderator System.
	An Update for the MuCool Test Area
	A Liquid Cryogen Absorber for MICE
	The Cooling of a Liquid Absorber using a Small Cooler
	The Development of 6061-Aluminum Windows for the MICE Liquid Absorber

	THERMOACOUSTIC DEVICES
	Experminents and Valve Modelling in Thermoacoustic Device
	Preliminary Study on Circuit Simulation of Thermoacoustic Engines
	Effect of Resonance Tube Shape on Performance of Thermoacoustic Engine
	Investigation on Gedeon Streaming in a Traveling Wave Thermoacoustic Engine
	Experimental Investigation of a Traveling-wave Refrigerator
	Experimental Study of Linear Compressor Driven Traveling-wave Thermoacoustic Refrigerator
	Clarification of Some Important Issues in Basic Thermoacoustic Theory

	SUPERCONDUCTING RF SYSTEMS-II
	Lessons Learned from the Jefferson Lab-SNS Cryomodule Production Run
	Cryogenic-related Performance of an SRF Cavity Module in NSRRC
	SCRF Cryogenic Operating Experience at FNPL
	Design, Fabrication, and Test of an SRF Cryomodule Prototype at Fermilab
	Thermal Limitations in Supercondcuting RF Cavities: Improved Heat Transfer at Niobium-Helium Interface
	Cryogenic Concept for the Low-energy Electrostatic Cryogenic Storage Ring (CSR) at MPI-K in Heidelberg

	INSTRUMENTATION AND CONTROLS-II
	Modeling for Control Analysis and Design in SCQ Cooling System for BEPCII
	Dynamic Modeling and Simulation of Liquid Helium Level in SRF Cryomodule for BEPCII
	Specifications and Performances of the Series Superfluid Helium Safety Relief Valves for the LHC
	Qualification of Sub-Atmospheric Pressure Sensors for the Cryomagnetic Bayonet Heat Exchangers of the Large Hadron Collider
	Automatic Management Systems for the Operation of the Cryogenic Test Facilities for LHC Series Superconducting Magnets
	Diode Temperature Sensor Curve Estimation and Interchangeability for Non-Standard Excitation Currents
	New Thermometers and Multisensors for Cryogenic Temperature and Magnetic Field Measurements

	CRYOGENIC CURRENT LEADS
	Cryogenic Benefits of a 70 kA High Temperature Superconductor Current Lead
	HTS Power Lead Testing at the Fermilab Magnet Test Facility
	Cryogenic Test of High Temperature Superconducting Current Leads at ENEA
	Optimal Current-lead Design for the Rolls of Pierced-metal Sheet
	Performance of Miniature Coaxial Cables for Read-out of Superconducting Tunnel Junction Arrays

	AEROSPACE MISSIONS USING HELIUM-II
	Mid-mission Update of Spitzer Space Telescope Cryogenic Performance
	Flight Performance of Gravity Probe B Cryogenic System
	The Cryogenic System of the Superconducting Magnet for the Alpha Magnetic Spectrometer

	LOW VIBRATION CRYOCOOLERS
	Ultra-low Vibration Pulse Tube Cryocooler with a New Vibration Cancellation Method
	Development of the LPT9510 1 W Concentric Pulse Tube

	CRYOGENIC THERMAL INSULATION SYSTEMS-II
	Cryostat with Low-Emissivity Foil and Multilayer Insulation
	Demonstration of Microsphere Insulation in Cryogenic Vessels
	Vibration and Thermal Cycling Effects on Bulk-fill Insulation Materials for Cryogenic Tanks

	LARGE SCALE REFRIGERATORS AND LIQUEFIERSŠI
	Development of a Database of the Cryogenic System for the Superconducting Magnet
	Cryosystem for a Proton-radiography Achromat
	Surge Recovery Techniques for the Tevatron Cold Compressors
	Critical Speed Measurements in the Tevatron Cold Compressors
	The Helium Cryogenic System for the Taiwan Photon Source
	The Planning of the Cryogenic Supply Infrastructure for the Superconducting Cavities of the Suropean XFEL Linear Accelerator
	The TORE SUPRA Cryogenic System Behaviour During Long Plasma Discharges with a High Injected Energy
	The 400W at 1.8K Test Facility at CEA-Grenoble
	Cryogenics for the Superconducting Module Test Facility
	SNS Cryogenic Systems Commissioning
	Two Refrigeration Systems Installed for the Tokamak at the Institute for Plasma Research, Ahmedabad, India

	LTS SUPERCONDUCTING MAGNET SYSTEMS-III
	Numerical Analysis of Dynamic One-side Propagation of Normal Zone Observed in LHD Conductor
	Simulated Thermal Performance of the Superconducting Outsert in the Series Connected Hybrid Magnet System
	A Novel Short Sample Mounting Fixture for Critical Current Measurements

	AEROSPACE CRYOCOOLERS
	Progress Toward a Pulse-tube/Reverse-Brayton Hybrid Cryocooler
	Hybrid Stirling/Reverse Brayton and Multi-stage Brayton Cryocoolers for Space Applications
	CFD Simulation of Oscillating Flow in an Inertance Tube and its Comparison to Other Models
	Development of Single Stage Stirling Cooler for Space Use
	Cooling the GIFTS FPA: Summary and Analysis of Engineering Test Results Performed at SDL Using the Lockheed Martin Two-stage Cryocooler

	AEROSPACE CRYOGENICS
	Low Temperature Engineering Applied to Lunar in-situ Resource Utilization
	Initial Test Results of Laboratory Scale Hydrogen Liquefaction and Densification System
	Thermal Model for a Mars Instrument with Thermo-electric Cooled Focal Plane

	OSCILLATING FLOWS IN CRYOCOOLERS
	Evaluation of Pressure Oscillator Losses
	Impedance Measurements of Inertance Tubes
	Thermoacoustically Driven Pulse Tube Coolers with Acoustic Amplifiers
	The Effect of Phase-shifting Mechanisms on the Energy and Exergy Flow in Pulse Tube Refrigerators
	An Analytical Heat Transfer Model for Reciprocating Laminar Flow in a Channel
	Studies in High Frequency Oscillating Compressible Flow-For Micro Regenerative Cryocooler

	LARGE SCALE CRYOSYSTEMS
	Commissioning of the LHC Cryogenic Systems: Subsystems Cold Commissioning in Preparation of Full Sector Tests
	The Local Helium Compound Transfer Lines for the Large Hadron Collider Cryogenic System
	FAIR Cryogenics-New Tasks on the Cryogenic System for the New Research Faciliy at GSI
	Requirements for the Cryogenic Supply of the European XFEL Project at DESY
	Results of the Cryogenic Tests of the Superconducting Magnets Forming the Barrel Toroid of the ATLAS Experiment
	Cryogenic Tests of the ATLAS Liquid Argon Calorimeter
	ICARUS: An Innovative Large LAR Detector for Neutrino Physics

	VISUALIZATION EXPERIMENTS IN HELIUM II
	Visualizing Heat Transport in He II
	Comparison between Normal and HeII Two-phase Flows at High Vapor Velocities
	PIV Analysis of Cavitation Flow Characteristics of He II
	Solid H2/D2 Particle Seeding and Injection System for Particle Image Velocimetry (PIV) Measurements of He II

	CRYOCOOLER INTEGRATION
	LN2-free Operation of the MEG Liquid Xenon Calorimeter by using a High-power Pulse Tube Cryocooler
	Performance and Orientation Independence of Two Production Model Desktop Acoustic-Stirling Cryocoolers
	Characterization of a Co-axial Pulse Tube Cryocooler Applied as a Current Lead
	The Development of the Cryotel LT and GT
	Pulse Tube Refrigerators for the Allen Telescope Array
	High Efficient Cryocooler for Liquid Hydrogen System

	LTS SUPERCONDUCTING MAGNET SYSTEMS-III
	Development of an 10 T Cryocooled Superconducting Magnet with a Room Temperature Bore of 360 mm for a 29 T Hybrid Magnet
	Results of Buoyancy-gravity Effects in ITER Cable-in-Conduit Conductor with Dual Channel
	Review of Singular Cooling Inlet and Linear Pressure Drop for ITER Coils Cable in Conduit Conductor
	A Critical Assessment of Pressure Drop Design Criteria for the Conductors of the ITER Magnets

	AEROSPACE DEVICES
	Cryogenic Test Apparatus for a Magnetic and Piezoelectric Actuation System
	Cryogenic Actuators and Motors Using Single Crystal Piezoelectrics
	Advanced Devices for Cryogenic Thermal Management
	Cryogenic Thermal Management Advances during the CRYOTOOL Program
	Rectified Continuous Flow Loop for the Thermal Management of Large Structures

	HTS SUPERCONDUCTING MAGNET SYSTEMS-II
	Development of a Superconducting Magnet System for the ONR'General Atomics Homopolar Motor

	ROTATING MACHINERY
	Experimental Results Obtained with Air Liquide Cold Compression System: CERN LHC and SNS Projects
	Performance Assessment of 35 Cold Hydrodynamic Compressors for the 1.8 K Refrigeration Units of the LHC
	Development of a New Air Liquide Cryogenic Expander
	Elimination of Thermal Acoustic Oscillations in Cryogenic Pumps.
	Installation and Test of a Helium Centrifugal Pump into the TOSKA Facility

	AEROSPACE CRYOCOOLERS 4K-10K
	Progress Towards a 6-10 K Turbo-Brayton Cryocooler
	Development and Testing of a Small-scale Collins Type Cryocooler
	Development of a 3-stage Pulse Tube Cryocooler for Cooling at 10K and 75K.

	REGENERATORS-THERMAL AND MODELING
	Microfabricated Microchannel Regenerators for Cryocoolers
	Multilayer Ceramic Regenerator Materials for 4K Cooling
	Measurement of Anisotropic Hydrodynamic Parameters of Pulse Tube or Stirling Cryocooler Regenerators
	Regenerator Operation at Very High Frequencies for Microcryocoolers
	The Conduction of Heat through Cryogenic Regenerative Heat Exchangers

	AEROSPACE CRYOCOOLERS 40KŒ100K
	On-Orbit Performance of the TES Pulse Tube Coolers and Instrument-A First Year in Space
	HIRDLS Cryocooler Subsystem on-orbit Performance
	Development of a Large Heat Lift 40-80 K Pulse Tube Cooler for Space Applications
	Test Results of an Engineering Model 2-stage Pulse Tube Cryocooler for Cooling at 75K and 130K
	Development of a Coaxial Pulse Tube Cryocooler for 77 K Cooling

	LARGE SCALE REFRIGERATORS AND LIQUEFIERS-II
	Simplified Helium Refrigerator Cycle Analysis Using the 'Carnot Step'
	Dynamic Characteristics of a Simple Brayton Cryocycle
	Helium Refrigerator Design for Pulsed Heat Load for Tokomaks
	Dynamic Simulation of a Large Scale Cryogenic Plant
	The Relativistic Heavy Ion Collider (RHIC) Refrigerator System at Brookhaven National Laboratory: Phase III of the System Performance and Operations Upgrades for 2006
	Commissioning of the Cryogenic System for the ATLAS Superconducting Magnets
	Commissioning of the Helium Refrigeration System for the Compact Muon Solenoid (CMS) Detector of LHC.
	A 2K System for PKU-SCAF



	Author Index
	Subject Index
	Help
	Search
	Exit

	1010: 
	1011: 
	1012: 
	1013: 
	1015: 
	copyright: 


