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Outline: 

1.  Motivation of low tritium partial pressure permeation 

2.  Tritium permeation for fission application 

3.  Tritium permeation for fusion application 
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STAR Floorplan Layout 
Non Tritium Area Tritium Area 

•  Tritium inventory: <1.6 gram, to remain below a DOE 
Hazard Category 3 Non-Reactor Nuclear Facility 

•  Beryllium and activated material related safety exp. in 
Non Tritium Area 

•  Tritium and activated material related safety exp. in 
Tritium Area 

•  Size: 4300 ft2 ~ 400 m2 
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Safety concern: ex-vessel release source term 

•  Challenges in blanket development 
–  Tritium permeation leads to the operation safety. 
–  Mass transport properties (e.g. diffusivity, solubility, and permeability) of tritium at realistic 

blanket conditions (e.g. low tritium partial pressure << 100 Pa) is important for tritium 
blanket system design, but the data is very limited. 

–  Tritium permeation barrier materials can reduce the release to the environment, however, 
the performance of tritium permeation barrier materials (e.g. ceramics) is unknown under 
fusion nuclear environments due to strong radiation field and displacement damage. 

–  Tritium behavior in blanket/structural/barrier materials at realistic blanket conditions (e.g. 
low tritium partial pressure << 100 Pa) is not fully understood 

        è There exists large uncertainty in tritium permeation/extraction in blanket design 
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Motivation for low tritium partial pressure permeation 

•  Importance of tritium permeation at low tritium partial pressure: 
–  Tritium permeation rate is lower at low tritium partial pressure (pT2< 10 Pa for 304 SS) 
–  Tritium permeation to the environment can be significantly reduced 
–  Data from low tritium partial pressure is limited 
è STAR facility operates two experiments (THX and TLLE) designed to measure tritium 
permeation rate at low tritium partial pressure (10-3 < pT2 [Pa]< 100)   
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114 AS. Zarchy, R.C. Axtmann / T permeation through 304 SS 

the P-axis (cf. fig. 3) while the functional dependence 
of the permation rate on pressure remains unchanged. 

A least-squares fit of the lower pressure data (from 
1.3 X 10e7 - 2.3 X 10M6 Pa) to a half-order depen- 
dence on pressure yielded an activation energy for per- 
meation of 13 .S kcal/mol. This result is in good agree- 
ment with that reported by Louthan [23] at much 
higher pressures. A similar tit of the data at higher 
pressure (5.3 X low6 - 2.3 X lo-’ Pa) to a first order 
dependence on pressure gave an activation energy of 
14.7 kcal/mol. The increase is not surprising since the 
rate-limiting step in the permeation process has clearly 
changed (cf. section 5 below). 

Fig. 4 is a plot of the present data together with 
those of other investigations who have studied hydro- 
genie gas permeation through 304 stainless steel. The 
highest pressure data (0.1 to 0.3 KPa) are those of 
Louthan [23] who measured deuterium permeation 
on samples with a thin surface coating of lithium deu- 
teride to maintain a reducing environment for the sur- 
face of the metal. Medium pressure data on the figure 
are those of Kuehler [24] who measured hydrogen 
permeation in the range from 0.026-2.6 Pa. Where 
applicable, the data of these investigators have been 
corrected to 723 K and to a membrane thickness of 
0.5 mm. These data were further normalized to tritium 
by adjusting for the isotopic mass effects on permea- 
tion. Thus, for example, Kuehler’s hydrogen data were 
multiplied by 4; Louthan’s deuterium data were 
multiplied by 3. 2 

Fig. 4. Permeation rates of hydrogenic gases through 304 
stainless steel as measured in three different studies. Results 
have been normalized for isotopic effects and differences in 
sample thicknesses. 

5. Discussion 

The shape of the experimental curve of fig. 4 bears 
a striking resemblance to the pressure-dependent per- 
meation predicted by a model that was first proposed 
by Strehlow and Savage [25]. The essence of the model 
is that the surface of any real permeation membrane 
will be coated with a cracked or semiporous layer. 
Molecules that impinge upon the surface may either 
(1) diffuse through the coating, and thence through 
the metal lattice, or (2) pass directly through the 
cracks or pores to the metal surface. 

In the former case, the attendant permeation rate 
may depend on either the first- or half-power of 
driving pressure, depending on which process of that 
path is rate-limiting; in the latter, always the half- 
power *. Two parallel paths thus exist, each of which 
might be assigned a characteristic “resistance” to per- 
meation. Accordingly, Strehlow and Savage propose 
an analogy to a series parallel, resistive network where 
the permeation flux is analogous to electrical current 
and the pressure differential is analogous to potential. 
An adaptation of the equivalent circuit presented in a 
fuller treatment of the model [26] to the notation of 
the present paper is shown in fig. 5. R, is the resistance 
per unit area of the coated material, RM that of the 
metal beneath the coating, and RD that of the fraction 
of uncoated metal. In terms of M, the fraction of un- 
coated metal (usually <<l), and with P, >> Pz: 

R D = P:‘2/MJ, 

RM =P’1’2/(1 -M)J 

(5) 

(6) 

and 

R, =x/(1 -M)(W), (7) 

where J is the flux through bare metal [cf. eq. (l)]; 
K and D are the solubility and diffusivity, respectively, 
of the permeating species in the coating; and x is the 
thickness of the coating. P’ is an hypothetical “pres- 
sure” at the interface between the coating and the 
metal. 

* Except, of course, in the extreme lower limit of driving pres- 
sure where the rate-limiting process is chemisorption (cf. fig. 
0 
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Fig. 5. Series-parallel resistive network, analogous to the 
permeation of hydrogenic gases through a defect-riddled 
coating on a metal surface, after Strehlow and Savage [25]. 

The respective partial fluxes are: 

JD = Rfj’P:‘2 , (8) 

JM =R$‘P”12 , 

and 

(9) 

Jo = R,‘(P1 - p’), 

and the total flux is given by 

(10) 

JT =J,, +JM. (11) 

The resistances defined by eqs. (5-7) are each 
capable of being the rate-limiting step, and hence of 
being dominant in a particular pressure region. Since 
eq. (10) is a much steeper function of pressure than 
eq. (8) or (9) then at low pressure eq. (11) must 
approach. 

JT = RD1P;‘2, 

and, at high pressures, becomes 

(12) 

JT = (Rb’ + R$)P:‘2, 

which is eq. (1) identically. 

(13) 

Eq. (10) clearly controls the transition between 
the two limits defined by eqs. (12) and (13). 

The overall permeation behavior through a metal 
membrane is shown qualitatively in fig. 6. The model 
predicts half-order pressure dependence at high-to- 
moderate pressures. As the driving pressure is reduced, 
the rate-limiting step becomes transport through the 
coating with first-order pressure dependence. As the 
pressure is further reduced, transport through the 
cracks and pores becomes rate-limiting, and hence 
the pressure dependence should return to half-order. 
The ultimate low pressure limit is, of course, disso- 
ciative chemisorption which is first order [7-l 11. 

The two major parameters of the model are the 

I 

LOG P 

Fig. 6. Overall permeation behavior of hydrogenic gases 
through metals. PT is the transition pressure between metal- 
limited and film-limited permeation. 

quality factor, M, and the film thickness x. Varying x 
produces a series of film limitation asymptotes, paral- 
lel to the one on fig. 6: decreasing x moves the asymp- 
tote to the left; and at 0 thickness of course, the 
asymptote coincides with the curve for a clean surface. 

The effect of varying the film quality factor is 
shown in fig. 7, which was adapted from [25]. Varying 
M produces a series of defect-limited asymptotes which 
are parallel to the one in fig. 6. If the film were free of 
defects, pore film behavior would occur, cf. the M = 
0 line on fig. 7. 

Strehlow and Savage [25] do not emphasize the 
role of the film quality factor in determining the 

r 

LOGP 

Fig. 7. Permeation of hydrogenic gases through metals in the 
transition region between film-limited and defect-limited 
behavior. M is the fraction of the surface that is uncoated. 

Reference: “Tritium permeation through 304 stainless steel…”A.S. Zarchy, and R.C. Axtmann, Journal of Nuclear Materials 79 (1979) 110 

pT2< 10 Pa 

~ p0.5 

~ p0.5 

~ p1 

~ p0.5 

~ p0.5 
~ p1 

~ p1 

~ p1 

~ p0.5 ~ p0.5 304SS data 

Effect of oxide film  

Model 

Clean surface 



Tritium Heat Exchanger (THX) Experiment 
•  Tritium permeation apparatus was built in support for DOE NE NGNP/VHTR design 

•  Designed to measure tritium permeation rate through the candidate materials for VHTR 
IHX at low tritium partial pressure conditions (ppb – ppm) in the primary loop. 

•  Underlying physics for tritium permeation in the transition regime between diffusion 
limited and surface limited regimes is complex and there exists surface oxide effect on 
permeation 

•  Designed to test a tubular shaped specimen up to 1000 C 

•  Available to measure tritium permeability in fusion material as well. 
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Tritium Heat Exchanger (THX) Experiment 
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2012 US-PRC WS F82H sample  Test section and induction heater THX glovebox 
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Results from THX (1/2) 
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2012 US-PRC WS 

Reference: “Tritium Permeability of Incoloy 800H and Inconel 617“  INL/EXT-11-23265 and INL/EXT-11-23265 rev1  
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Figure 12. Arrhenius plot of Incoloy 800H tritium permeability (FY 11) with literature data. 
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Figure 13. Calculated variation of Inconel 617 permeability along the sample length. 

 
Figure 14. Arrhenius plot of Inconel 617 tritium permeability (FY 11) with literature data. 
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At high partial pressures (most of literature data), diffusion-limited permeation, in which the 
permeation flux is proportional to the square root of pressure, is expected.   

Incoloy 800H Inconel 617 
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Results from THX (2/2) 
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2012 US-PRC WS 

Reference: “Tritium Permeability of Incoloy 800H and Inconel 617“  INL/EXT-11-23265 and INL/EXT-11-23265 rev1  
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Figure 16. Tritium permeation flux versus effective tritium pressure (FY 12) at four different (peak) 

temperatures. 

With only three data points on each line, it is difficult to draw any firm conclusions from Figure 16. 
There is clearly no square root dependence, but they are at best roughly linear, with exponents between 
0.85 and 1.05. In each case (with the exception of one point at 800°C), the lowest and highest 
concentration points fall below the fit line, and the intermediate points above it. This is consistent with a 
slope change that would occur in the transition from surface-limited to diffusion-limited permeation. The 
slope between the intermediate (~5 ppma) and high (~125 ppma) points is between ! and 1, consistent 
with such a transition; the slope between the low (~0.5 ppma) and intermediate (~5 ppma) points is 
actually higher than one. The low points here are particularly susceptible to errors, since these are on the 
order of background measurements that must be subtracted in calculating the flux, and also since some 
hydrogen dissociation occurring in the secondary would affect these points disproportionately. Though 
the approximate linearity of (at least portions of) the curve may be taken as preliminary evidence of the 
surface-limited regime, three pressures are clearly not sufficient to identify two slopes and a transition 
point, and because of this and the considerable scatter in the data points, a meaningful quantitative 
determination of Kd from this data is not possible. If the existence and range of the surface-limited regime 
can be more firmly established, Kd can be calculated from Eq. (38).  

In the transition region and diffusion-limited regime, the tritium permeation is no longer independent 
of the amount of hydrogen present. In order to address this issue both the H2 concentration and the tritium 
concentration were measured in the FY-12 series of tests. The ion chamber tritium measurement, 
however, does not distinguish between atoms bound in T2 versus HT. Though in principle mass 
measurements could establish pressures of these two species, such measurements could not adequately 
resolve a T2 signal, since the quantities involved are so small, and measurement of HT is not possible in 
this setup regardless of its partial pressure since it cannot be distinguished from the helium (He) carrier 
gas. However, if the equilibrium relation in Eq. (21) holds, the T2 and HT partial pressures can be 
determined by solving Equations 21 and 37: 

PT2
! 1

2
PH2

"PT # PH2
PH2

" 2PT$ %&
'(

)
*+  (39) 

PHT ! 2 PH2

2 "PT PH2
#PH2

PH2
PH2

" 2PT$ %&
'(

)
*+ .

 (40) 

y!=!2E"10x1.0118

y!=!1E"09x0.8785

y!=!5E"09x0.8484
y!=!1E"08x1.0517

1.00E"12

1.00E"11

1.00E"10

1.00E"09

1.00E"08

1.00E"07

1.00E"02 1.00E"01 1.00E+00 1.00E+01 1.00E+02

Tr
iti
um

!P
er
m
ea
tio

n!
Fl
ux
!!(
m
ol
/m

2 "
s)

Effective!Tritium!Pressure!(Pa)

700!!
800!!
900!!
950!!
Power!(700!!)

Power!(800!!)

Power!(900!!)

Power!(950!!)

At low pressures, surface-limited permeation is expected, the flux is proportional to the 
pressure (the relationship is linear).  
  

Incoloy 800H 
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Tritium permeability measurement in tritium permeation 
barrier materials 

•  Utilize high detection sensitivity of tritium for 
low tritium permeation rate through low 
permeable erbium oxide (Er2O3) coated 
F82H (reduced activation ferritic steel) at 
500–700 ºC with 1.2 ppm tritium 

•  Low partial pressure data showed linear 
dependence on tritium partial pressure, 
indicating the surface limited permeation or 
effect of oxide on permeation 

•  The coated sample indicated 3 orders of 
magnitude lower permeability than that of 
F82H substrate at 600-700 C.       
è very promising tritium permeation barrier 
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[2] T. Chikada, et al., Fusion Eng. Des. 85 (2010) 1537–1541.	
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Conditions: 
•  Temperature: 300 to 700°C  
•  Primary concentrations of 0.1 to 100 

(atom) parts per million tritium in 
helium (partial pressures of <10-7 atm) 

•  Apparatus: THX  
 



Outlines 
1.  Overview of tritium research in Safety and Tritium Research 

(STAR) facility 

•  Motivation of tritium research program 

2.  Tritium research at STAR: 

•  Tritium permeation in Tritium Heat eXchanger (THX) exp. 

•  Tritium mass transport in Tritium Lead Lithium Eutectic 
(TLLE) experiment 

•  Tritium Migration Analysis Program (TMAP) modeling 

3.  Possible collaborative research with NFRI/KAERI 

•  Proposed experiments 
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Tritium Gas Absorption Permeation (TGAP) experiment 
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•  The experimental apparatus is inside Contamination 
Area (CA) for tritium 

•  Tube furnace in Ventilated Enclosure (VE) 
•  Exhaust clean-up system in Fume Hood 
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•  Designed to measure transport properties (e.g. diffusivity, solubility, and 
permeability) of tritium at realistic blanket conditions (e.g. low tritium partial 
pressure < 1000 Pa) for disc geometry sample 

•  Capable of testing liquid breeder material (e.g. PbLi and FLiBe) and disc 
shaped metal 

•  Uniform temperature (+/- 10 C) within the test section utilizing 12” tube furnace 

 

Unique capabilities 

Tritium Gas Absorption Permeation experiment 
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Simplified P&ID of Tritium Gas Absorption Permeation experiment 
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Experimental procedure 
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at 600 oC 

•  t < 0: 
•  Primary and Secondary was purged with 1 % H2/He 200 sccm, pt=105 Pa  
•  Bake out at 600 C with for 2 hours to remove oxide 
•  Test section was kept at uniform temperature (+/- 10 C) for 1 hour at t<0. 
•  Traps in the α-Fe were saturated by hydrogen. 

•  At t=0,  
•  Tritium (0.001, 0.15, 2.4 Pa T2/He) were introduced in the primary. 

•  t >0 : 
•  Fast breakthrough time was obtained (within a minutes) and tritium 

equilibrates within 30 minutes 

2.4 Pa 

0.15 Pa 

0.001 Pa 

T2/He 

H2/He 



Tritium permeation through (1mm) α-Fe  
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•  Tritium partial pressure dependence were PT2
0.58 ~ PT2

0.78  
•  Tritium behavior is in the transition range (P0.5 < Px < P1) from diffusion limited to 

surface limited. 

•  Issues: 
•  H2 and HT concentration in primary are unknown. 
•  Should be HT in the secondary 

600 oC 

Experimental results 



Tritium permeation through (1 mm) α-Fe + (6mm) LLE 
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•  Tritium partial pressure dependence were PT2
0.73 ~ PT2

0.92  
•  Tritium behavior is in the transition range (P0.5 < Px < P1) from diffusion limited to 

surface limited. 
•  Straight line (R2~1) fit at all three case 

•  Issues: 
•  Primary tritium partial pressure (especially at lowest case) was higher than 

that of α-Fe test, making it difficult to compare those two results 

600 oC 

Experimental results 



TMAP schematics 

•  TMAP  
•  1D geometry 
•  3 enclosure species (H2, T2, He) 
•  2 diffusion species (H, T) 
•  3 segments 
•  9 enclosures 
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Experiment 
configuration 

primary IC 

secondary IC 

primary  
MFC 

secondary 
MFC 



Tritium permeation through (1 mm) α-Fe 
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•  TMAP can reproduce the experimental results well with two fitting parameters 

TMAP modeling results  (Preliminary analysis) 



Tritium permeation through (1 mm) α-Fe 
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TMAP modeling results  (Preliminary analysis) 

•  Tritium diffusivity in α-Fe: 
•  Similar to the extrapolation from literature H diffusivity x sqrt(3) 

•  Tritium solubility in α-Fe: 
•  30-70 % lower than literature data 
•  Shows T partial pressure dependence 



Tritium permeation through (1 mm) α-Fe + (6 mm) LLE 
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TMAP modeling results  (Preliminary analysis) 

•  Tritium diffusivity in LLE: 
•  A factor of 2-3 higher value were needed to fit exp. data  

•  Tritium solubility in LLE: 
•  Similar to literature data 



 PHENIX project	

Task 3	
(TPE, Idaho INL) 

Plasma-Surf. Interac.	
Tritium Behavior	

Task 2	
(HFIR, Oak Ridge NL) 
Neutron-irrad. Effects 

Microstructure 
Physical Properties	

Task 1	
（IR facility, ORNL）	

Heat Load Tests	
Heat Transfer 

System Evaluation	

Material 
Properties,N
eutron-irr. 
Samples	 Tritium 

Behavior	

Neutron-
irradiateds
amples	

Alternative facilities with similar capabilities are also acceptable.	



Primary facilities (US)	

Task 1 : IR facility	 Task 2 : HFIR	

Task 3 : Tritium Plasma Exp. (TPE)	

Research at ORNL and INL	

He loop in GIT is under consideration	



Test section for PHENIX 6mm W permeation  
•  6 mm OD (non irradiated) tungsten disc 
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•  Initial test showed anomalous (x103 than expected) permeation rate 
•  Further modification and research is required to feasibility of testing 

small 6 mm OD tungsten 



Summary 
•  INL started the low partial pressure tritium permeation to obtain tritium 

permeation rate at realistic fusion and fission reactor conditions. 

•  We are having some challenges….. 
•  1st generation permeation cell: Tritium Heat eXchanger (THX) 

–  Tubular sample heated up with induction heater 
–  Temperature gradient along test section, measured by 2D IR camera 
–  Experimental issues: 

•  Tritium depletion along along test section 
•  Lack of actual partial pressure of HT, T2 

•  2nd generation permeation cell: Tritium Gas Absorption Permeation (TGAP) 
–  Disc sample heated up with tube furance 
–  Uniform temperature, measured by 4 thermocouples 
–  Experimental issues: 

•  Lack of actual partial pressure of HT, T2 
•  Large permeation through O-ring for small 6 mm W sample 
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