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Overview 

1) Introduction 
– Fueling difficulties and thesis focus 

3) Literature review 
– Prior hydrogenic pellet production research 

5) Modeling  
– Hydrogenic pellet production systems 

7) Experimental  
– A cryogenic Couette viscometer 

9) Current status 
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1.2 Fueling fusion tokamaks 

•  ITER injection criteria 
– 3-6 mm pellet diameter-length 
–  Injection frequency of 40 Hz 

(for 3mm pellet) 
– 3000 sec continuous injection 
– 0.11 grams/sec hydrogen 
– 0.22 grams/sec deuterium 
– 0.33 grams/sec deuterium-

tritium mixture 
– 0.9 bar supply gas pressure 
– Pellets must be supplied with 

99% reliability 

•  Pellets also used for plasma control 
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A) Gun barrel, B) 2nd stage gas recovery system, C)
 Roughing pump, D) 1st stage gas recovery volume, E)

 Cask plumbing lines, F) Guard box for Pellet
 Production System, G) Excess fuel recovery system

 (private communication ORNL 2008).  

1.2 Fueling fusion tokamaks 

•  Conceptual ITER Pellet Injection System (PIS) 
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1.3 Fuel Pellet Production Systems (PPS) 

Precooler 
Liquefier 

Extruder 

•  PPS consist of four devices 
•  Precooler 

•  Cools fuel from 300 K to ≈25 K 
•  Liquefier 

•  Liquefies the fuel 
•  Solidifying extruder 

•  Solidifies and precesses a solid 
fuel ribbon 

•  Cutter 
•  Cuts fuel pellets from the 

ribbon and chambers them into 
injection gun 
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1.3 Fuel Pellet Production Systems (PPS) 

• The primary U.S. cryogenics contribution
 to the ITER project are these Pellet
 Production Systems (PPS) 

• This thesis has two primary goals: 
1) Development of a fundamental

 understanding of the flow properties of
 hydrogenic fluids during continuous
 pellet production. 

2) Development of a scalable, predictive
 model of PPS operation. 
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•  Prior hydrogenic pellet production research 
•  Types of solidifying extruders 

2. Literature review 
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2.1 Batch production research 

•  The simplest method is via “pipe gun” 

Milora et al. (1995) 

•  Advantages: 
– Mechanically simple 

•  Disadvantages: 
– Slow <1 Hz 
– 3-20 revolving pipe 

guns required to 
sustain a plasma 
burn  
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•  Fisher and Gouge developed a 
piston driven batch extruder  
– 5 Hz pellet production 
– 3 systems operated in 

conjunction 
– 5 year term in JET 

2.1 Batch production research 

Fisher and Gouge (1998) 
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•  Viniar et al. partnered 
with Liral inc. to 
develop single-screw 
extruders 
– 1-6 Hz pellet production 
– >95% reliability 
– Operated in Tore Supra 
– 2 MPa supply pressure 
– Stalling issues 

2.2 Single-screw extrusion research 
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2.3 Twin-screw extrusion research 

•  Advantages of twin-screw extrusion 
– Positive pumping 
– Low supply pressure 
–  Increased mass flow 
– Low risk of stalling 
– Still simple design 
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•  ORNL is developing 1st ever hydrogen twin-
screw extruder 

2.3 Twin-screw extrusion research 
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•  Twin-screw extrusion is industrial practice for 
polymers and food stuffs 
–  Janssen (2004) reactive extrusion systems (i.e. 

large property changes during extrusion) 
– Wildmoser (2004) dissertation on ice cream 

solidification in twin screw extruders 

2.3 Twin-screw extrusion research 

1) Wall-Screw
 clearance gap 

High shear between
 screw thread and

 barrel wall. 

2) Screw Channel 

Large fluid volume with
 lower shearing at wall. 

4) Screw root-intermesh gap 

High shear region between screw
 root and adjacent screw thread. 

3) Screw intermesh gap 

Highest shear occurs in
 small volume between
 counter rotating screw

 threads. 
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•  Viniar concluded flow properties of hydrogen 
extrusions are similar to Bingham fluids 

2. Hydrogenic flow property research 

(left) Experimental apparatus for the flow properties of
 hydrogen extrusions (taken from Viniar et al. 1995) 
(right) Hydrogen extrusion velocities versus temperature at
 supply pressures of (1) 10 MPa, (2) 5.5 MPa, and (3) 2.5 MPa
 (Taken from Viniar et al. 2002). 
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2. Hydrogenic flow property research 

Shear strength as a function of temperature for solid hydrogen isotopes
 (Taken from Fisher and Gouge 1998).  The corresponding references in the
 figure are Ref. 10-(Fisher 1992), Ref. 16-(Fisher 1991), Ref. 17-(Viniar and
 Lukin 1997), Ref. 18-(Bol’shutkin et al. 1970), Ref. 19-(Alekseeva et al.
 1982). 
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1.3 Fuel Pellet Production Systems (PPS) 
• The design and operation of extruders is
 well established in the literature. 

• Batch and single-screw hydrogenic
 extruders have demonstrated
 acceptable performance in fusion
 experiments. 

• The community stands to benefit from: 
1)  A scalable, 1st order design model of

 PPS system operation with a TSE 
2)  Torsional measurements of viscous

 dissipation and heat transfer in
 hydrogen, deuterium, and neon 
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3. Modeling  

•  Hydrogenic Pellet
 Production System models 

•  Integrated heat
 exchangers 
– Precooler 
– Liquefier 
– Twin-screw extruder 

Precooler 

Liquefier 

TS Extruder 
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3.1 Modeling the precooler 

300 K, 0.9 bar
 hydrogenic stream 

≈25 K hydrogenic
 stream 

4.5 K, 5 bar
 helium stream 

? K helium
 stream 
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3.1 Modeling the precooler 
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3.2 Modeling the liquefier 

Nellis and Kline 2009 

4.5 K, 5 bar helium
 stream 

21-25 K, helium
 stream 

25 K hydrogenic
 stream 

<20 K hydrogenic
 liquid 
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3.3 Modeling the extruder 

•  Phase change in extruder requires more
 complex analysis 
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3.3 Extruder model results 

Increasing mass 
flow with rotation 

• Sensitivity study
 of the optimal
 rotation speed. 
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1.3 Fuel Pellet Production Systems (PPS) 

• Preliminary 1st order numerical models
 of the precooler, liquefier, and twin
-screw extruder have been developed. 

• The models will aid in prototype design
 and operation. 

• Viscous dissipation and heat transfer
 coefficient were verified as important
 considerations for extruder design and
 operation. 
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4. Experimental 

•  A Couette viscometer
 measures viscosity via the
 resistance on a rotating bob
 immersed in fluid bound by
 a cup. 

Torque on bob
 measured 

Fluid 

bob 

Cup (fixed) 

Driveshaft 

ω 

•  Mark Andrashko and Steve
 initially designed and sized a
 Couette viscometer for
 cryogenic temperatures 

Bus bar 
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4. Experimental 

•  Steve measured hydrogen, deuterium, and 
neon. 

•  Steve recommended to: 
–  Improve temperature calibration/repeatability 
–  Improve annulus temperature profile 
– Determine cause of periodic torque fluctuations 
–  Improve measurement range 
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4.1 Apparatus design and operation 

•  Current 1st generation design 
¼ Hp DC gear

 motor 

Aluminum
 torque arm 

GB-04
 Gifford

-McMahon
 Cryocooler 

Liquid nitrogen jacketed
 vacuum dewar 

Copper
 radiation

 shield with
 MLI 

SS-304
 drive shaft 
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4.1 Apparatus design and operation 

Nichrome
 heater wrap 

Calibrated bus bar
 including flexible
 thermal strap and
 indium bonded

 interfaces 

Two cup
 Cernox
 sensors 

To dewar cover
 and motor 

(Cross Section) 

•  System operation 

Cup 

Bob 

≈8 W capacity 

1.2 Watts 

6.8 Watts 5.3 Watts 
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4.2 Nitrogen viscous dissipation data 

•  0.4 RPM measurements 
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4.2 Nitrogen viscous dissipation data 

•  0.76 RPM measurements 
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4.1 Apparatus design and operation 

Nichrome
 heater wrap 

Calibrated bus bar
 including flexible
 thermal strap and
 indium bonded

 interfaces 

Two cup
 Cernox
 sensors 

To dewar cover
 and motor 

(Cross Section) 

•  System operation 

Cup 

Bob 

≈8 W capacity 

1.2 Watts 

6.8 Watts 5.3 Watts 1.8 Watts 



31 

4.2 Nitrogen viscous dissipation data 

•  Verifying the transient freeze thaw cycle 
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4.2 Nitrogen viscous dissipation data 

•  Comparison with mechanical and bus-bar
 measurements 
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1.3 Fuel Pellet Production Systems (PPS) 

• Viscous dissipation measurements for
 solidifying nitrogen have been made. 

• We understand the causes of periodic
 torque variation in measurements. 

• Modifications to the CCV for measuring
 viscous dissipation of neon, deuterium,
 and hydrogen are necessary. 
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4.3 Modifications and uncertainties 

•  There are several issues to address before
 measurements of hydrogens, and neon 
1)  A scaling analysis suggests that the viscous

 dissipation is too high for cooling capacity at
 solidification temperatures 

2)  Reduction of end effects 
3)  Additional instrumentation of the bob for heat

 transfer measurements 
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4.3 Modifications and uncertainties 
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• Finish modifications to 2nd generation CCV 

• Measure viscous dissipation and heat transfer
 of neon, deuterium, and hydrogen 

• Refine 1st order models for use in design and
 operation of the PPS. 

• Compare to prototype measurements  

• Depending on funding/job prospects 
• Development of property, flow, and mixture
 correlations for fluid and solid hydrogenic
 fluids 
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Questions? 

This work is supported by the United States
 Department of Energy under contract

 number DE-FG02-05ER54821 
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The hydrogen family 
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Fusion energy overview 

•  “The sun in a box” 

17.6 MeV 

1 gram of fused
 deuterium-tritide
 has 3.4x108KJ,
 equivalent to

 2500 gal
 gasoline burned

 at HHV 
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•  Viniar et al. applied the fluid model to flow in a 
single-screw extruder 
– Viscous dissipation calculated with wall and screw 

shear rates 
– Does not discuss convection coefficient calculation 

2.2 Single-screw extrusion research 

Viniar et al. (2000)  
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3.1 Modeling the precooler 

300 K, 0.9 bar
 hydrogenic stream 

≈25 K hydrogenic
 stream 

4.5 K, 5 bar
 helium stream 

? K helium
 stream 
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3.1 Modeling the precooler 

Hydrogenic 
fluid 

Mass 
flow 
rate 
(g/s) 

Outlet 
hydrogenic 

temperature (K) 

Heat 
transferred 

(W) 

Standard 
tubing size 

(mm) 

Tube length 
(m) 

Recommended  
helium mass 

flow (g/s) 

Hydrogenic 
fluid pressure 

drop (Pa) 

Hydrogen 0.11 25 380 7.94  3 0.430 657.2 
Deuterium 0.22 25 429 7.94 3 0.551 1287 

Tritium 0.33 25 458 7.94 3 0.973 6851 
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3.2 Modeling the liquefier 

Nellis and Kline 2009 

4.5 K, 5 bar helium
 stream 

21-25 K, helium
 stream 

25 K hydrogenic
 stream 

<20 K hydrogenic
 liquid 
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3.2 Modeling the liquefier 

Hydrogenic fluid Mass 
flow 
rate 
(g/s) 

Inlet 
hydrogenic 
temperature 

(K) 

Heat 
transferred to 

liquefy 
(W) 

Standard 
tubing size 

(mm) 

Fin 
pitch 
(cm-1) 

Fin 
width 
(mm) 

Fin 
height 
(mm) 

Tube 
length 

(m) 

Recommend
ed helium 
mass flow 

(g/s) 
Hydrogen 0.11 25 57 6.35 7 0.38 4.76 1.25 0.654 

Deuterium 0.22 25 73 6.35 7 0.38 4.76 1.25 0.843 

Tritium 0.33 25 80 6.35 7 0.38 4.76 1.25 0.927 

•  Cond_finned_tube uses the Beatty-Katts
 correlation for the convection coefficient 
– Beatty-Katts correlation is based on Nusselt’s

 work  
– Ohira et al. (1990) showed that Nusselt’s theory

 predicts the condensation of hydrogen on a
 vertical flat plate quite well 
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•  Viniar et al. concluded that hydrogen behaves 
like a Bingham fluid (i.e. toothpaste) 
– Bingham fluids are a small subset of fluids that 

display a yield stress before viscous flow is 
observed:                  Other fluids:   

– The plastic viscosity and yield stress were 
determined using the Buckingham equation 

– Viniar et al. did not provide tabular values for the 
data, explain any corrections for the nozzle, or 
measure fluids other than hydrogen. 

2.2 Single-screw extrusion research 
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4.3 Modifications and uncertainties 
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4.3 Modifications and uncertainties 

1) Decrease required cooling capacity through
 new cup and bob dimensions 

–  Improves the range of measureable shear rates 
– More accurately represents the flow geometry in the

 prototype extruder 
– Allows a heat load buffer for heat transfer

 measurements 
– Reduces end effects in heat transfer measurement 

The current viscous dissipation of deuterium at 14 K is
 estimated to be 8 W at the minimum rotation speed of
 0.4 RPM; well in excess of the 3 W available. 

Current CCV Proposed CCV 

Parameter Meas. Range/ value Estimated 
Uncertainty Range/ value Estimated 

Uncertainty 
Bob diameter x 76.2 mm ±0.254 mm 18 mm ±0.254 mm 
Bob length x 100 mm ±0.254 mm 95.4 mm ±0.254 mm 
Cup diameter x 86.2 mm ±0.254 mm 27 mm ±0.254 mm 

The new viscous dissipation
 of deuterium at 14 K is 0.5
 W at the minimum rotation

 speed of 0.4 RPM; well
 within the 3 W available. 
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4.3 Modifications and uncertainties 

1) What about the signal to noise ratio? 
– Deuterium dynamic torque will exceed 10 N-m 
– Measurements noise ±1 N-m at 10 N-m 
– New more sensitive torque arm (30 N-m yield vs.

 300 N-m yield) will improve the signal to noise
 ratio 

2)  Reduction of end effects 
– End shear effects reduced by r2 and target by r 

– New area of bob end is 4.3% of total shearing
 surface versus 28.4% for current bob 

– A correction can be applied assuming the surfaces
 act like a parallel plate viscometer 
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4.3 Modifications and uncertainties 

3)  Instrumentation for bob heat transfer 
– Cernox censor and cartridge heater must be added

 to the bob 
– The cartridge heater applies a measurable heat flux 
– Heat transfer coefficient is determined from the

 ratio of the temperature difference between the
 cup and bob and known heat flux 

Absolute uncertainty of ±8 W/m2-K  
of estimated 50-250 W/m2-K at 14 K with
 nominal temperature difference of 1 K  
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A.A Screw Geometry variables 

Screw geometry variable  Value 
Axial distance between threads (s) 0.012 m 
Axial length of thread gap (b) 0.0066 m 
Thread pitch (w) 0.0065 m 
Channel depth (ΔrF) 0.0045 m 
Outer radius (r) 0.0135 m 
Thread angle (Ф) 8.13° 
Number of turns (N) 7.5 
Total screw length (L) 0.09 m 
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3.3 Modeling the extruder 

Energy balance for the wall 

Energy balance for the fluid 

Euler’s method 
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3.3 Modeling the extruder 
En

th
al

py
 --

 

Isobaric heat capacity ─ 

Temperature 
Ttp 

Region 3: Solid 

Region 1: Liquid 

En
th

al
py

 --
 

Isobaric heat capacity ─ 

Temperature 
Ttp 

Region 3: Solid 

Region 1: Liquid 

Tlow Thigh 

Region 2: Two-Phase 
Effective heat capacity

 accounts for latent
 heat of fusion 

Heat capacity slope is discontinuous 
•  Effective heat capacity, cF 



53 

3.3 Modeling the extruder 

•  Convective heat transfer, h 

Conduction into the solid is 
defined by a characteristic 

length and the conductivity of 
the solid 

Exposed sub-cooled surface 
has high convection. The 

solid thickness grows as the 
convection coefficient is 

reduced. 

Mixing of the fluid is 
caused by the action of 

screw teeth.  Convection is 
estimated using 

characteristic length and 
conductivity of liquid. 

Direction of fluid transport 

1) Liquid convection 2) Two-phase convection 3) Solid convection 

Fluid 

CV 

ω
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3.3 Modeling the extruder 

•  Viscous dissipation, qvisc 

Viscous shearing occurs at 
the solid-screw interface in 

the circumferential 
direction. 

Viscous shearing occurs at 
the solid-wall interface in 

the axial direction. 

Solid nucleation occurs 
immediately after scraping. 
The scraped solid builds up 

against the screw thread. 

The solid thickness 
increases until it is sheared 
away by the screw thread. 

Hydrogen has the second 
lowest viscosity of any 

known fluid at the n.b.p. 

Direction of 
fluid transport 

1) Liquid dissipation 2) Two-phase dissipation 3) Solid dissipation 

Viscous dissipation in the 
liquid is negligible. 
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Temperature calibration of Cernox Sensors 
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A.D Hydrogenic state points 

Parahydrogen (Leachman 2007) 
Temperature (K) Pressure (MPa) Density (mol-L-1) 

Critical point 32.938 1.2858 15.538 
Triple point 13.8033 0.007041 38.185 

Normal hydrogen (Leachman 2007) 
Critical point 33.145 1.2964 15.508 
Triple point 13.957 0.00736 38.2 

Orthohydrogen (Leachman 2007) 
Critical point 33.22 1.31065 15.445 
Triple point 14.008 0.007461 38.2 

Hydrogen-deuteride (Souers 1986) 
Critical point 35.908 1.484 -- 
Triple point 16.604 0.01237 -- 

Hydrogen-tritide (Souers 1986) 
Critical point 37.13* 1.57* -- 
Triple point 17.70* 0.0146* -- 

Orthodeuterium (Souers 1986) 
Critical point 38.262 1.650 -- 
Triple point 18.691 0.01713 -- 

Normal deuterium (Souers 1986) 
Critical point 38.35 0.01665 -- 
Triple point 18.72 0.01715 -- 

Deuterium-tritide (Souers 1986) 
Critical point 39.42* 1.77* -- 
Triple point 19.79* 0.0201* -- 

Tritium (Souers 1986) 
Critical point 40.44* 1.85* -- 
Triple point 20.62 0.0216 -- 


