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Abstract

Leakage of lithium through cracks in the first wall of EVOLVE was analyzed for two
limiting cases, which are simplified versions of the real case, where the lithium enters the cracks
as liquid and flashes to vapor phase within the first wall. Leakage rates were calculated for the
cases of liquid lithium flow and lithium vapor flow. Inasmuch as the coolant pressure is close to
the saturation pressure, the limiting case of lithium vapor flow should be closer to redlity. The

impact of lithium leakage on first-wall cooling and plasma contamination is discussed.

1 Introduction

The EVOLVE (EVaporation Of Lithium and Vapor Extraction) concept was developed in
the APEX project as an advanced concept capable of handling high power densities with high
power conversion efficiency [1-3]. It utilizes the extremely high heat of vaporization of lithium
(about 10 times higher than water) to remove the entire heat deposited in the first wall (FW) and
blanket. The temperature of the FW of EVOLVE is envisioned to be in the range 1200 and

1400°C, corresponding to saturation pressures of 0.035 and 0.15 MPa, respectively. In the
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toroidal flow concept, these pressures will create very low primary stresses in tungsten FW tubes
of 6-cm diameter and 3-mm wall thickness. However, cyclic surface heat flux will create cyclic
thermal stresses, which may lead to initiation and propagation of fatigue cracks through the FW.
The present paper addresses the problem of the leakage rate of lithium through afatigue crack in
the FW. Theimpact of the lithium leakage rate through a 2.5 cm long crack on cooling of the
FW and plasma contamination is discussed. The impact of lithium leakage on reactor
performance was analyzed earlier by Jones et al. [4] in connection with UWMAK-II and
NUWMAK design studies. However, the temperature of lithium in these designs was much

lower than in EVOLVE.

2 Leakage Analysis

Since theinlet pressure is close to saturation vapor pressure of lithium, as the liquid lithium
enters the crack, viscous pressure drop will cause the liquid to flash to vapor (Fig. 1). The local
velocity of the vapor immediately after flashing will be high, but it will be quickly damped by
high viscous dissipation owing to the tight and meandering nature of fatigue cracks. Also,

because of the large flow path length to width ratio (L/d) of fatigue cracks, equilibrium will be

restored within some multiples of the crack width close to the entrance. In this paper, the
complex non-equilibrium phenomena related to flashing of liquid lithium to vapor phase inside
the fatigue crack and subsequent viscous dissipation including possible two-phase flow are not
considered. Instead, two limiting cases are analyzed. First, the leakage rate is estimated by
assuming that lithium leakage occurs as a liquid, which flashes to vapor into the plasma chamber
at the crack exit plane. In the second case, the lithium vapor leakage rate is estimated by
assuming that lithium enters the fatigue crack as a single phase vapor. This is equivalent to

assuming that the pressure drop within the non-equilibrium transition zone inside the fatigue



crack is small compared to the overall pressure drop and the mass flow rate of lithium vapor is
determined by equilibrium of pressure and viscous forces. Of the two limiting cases, owing to

the low inlet pressure, the second case should be closer to redlity.

2.1 Liquid Lithium Leakage Analysis

It is assumed that the Reynolds number of the flow is negligibly small so that inertia effects
can be neglected in comparison to viscous effects, and pressure drops due to entrance and flow
bends can be ignored. Since the pressure of the lithium vapor in the EVOLVE FW tube is quite
low (0.035 — 0.15MPa), surface tension (capillary) effects may play an important role in
determining the leakage rate of liquid lithium through a tight fatigue crack. In such cases, the

following pressure conditions apply

Pexit = Po + APc - Apr - Apmrp =0, 1

where

Pexit = the pressure at the crack exit plane,

po= pressure at the crack entrance plane,

Ape = 2—; = capillary pressure head, 2

o = surface tension of liquid lithium, & = crack opening displacement
Ap; = pressure drop due to viscous effect, and
Apunp = pressure drop due to magnetohydrodynamic (MHD) effects .

The pressure drop due to incompressible viscous effects (Poiseuille flow) isrelated to the fully

developed flow velocity by (in the absence of magnetic field)
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where

1 = coefficient of viscosity, L = flow path length (can be approximated by tube wall
thickness), v = flow velocity, and D = crack hydraulic diameter (= 29).

For MHD pressure drop, we use a correlation developed by L. Buhler [5] for fully devel oped

flows with large Hartmann number (i.e., viscous forces negligible compared to magnetic forces).

Apynp = 0jiB%LKV (4a)

where gji = electrical conductivity of liquid (A/V-m), B = magnetic field (Tesla), and K is given

by
1
K= T+o (4b)
B

B =Owai/Tiiq (40)
o ~ 1 for circular tubes and thin gaps, and (4d)
Owal = €lectrical conductivity of tube wall.

Combining Egs. 1, 2, 3, and 4a, and solving for v,

v= Po + AR, (5)

O B2LK +-32uL
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A critical parameter for calculating leakage rates is the crack opening area (A), which isthe
pressure-dependent opened area of the crack. The crack opening area of an axia throughwall
crack in athin-walled tube was calculated by the Zahoor equation [6]. The massflow rateis

given by



A = ) AV (6)

where pjiq = mass density of liquid lithium.

Results for liquid lithium mass flow rate - Calculated variations of mass flow rate with lithium

vapor pressure in the FW tube are shown for initial crack openings of 1 and 10 umin Figs. 2a
and 2b, respectively. As expected, capillary effects are important at low pressures that are of
interest to EVOLVE (0.015 to 0.15 MPa) and at lower initial crack openings. On the other hand,
MHD effects are negligible for a planar crack of small opening. Whether the same conclusion
holds for an irregular-shaped fatigue crack remains open. For larger crack openings, MHD
pressure drops are important. The maximum leak rates for a 25 mm long crack at 0.15 MPaare 3
x103 and 0.15 g/sfor initial crack opening of 1 and 10 um, respectively. These values should be
taken as upper bounds to the mass flow rate because evaporation of lithium within the fatigue

crack (possibly close to the inlet) will probably reduce the mass flow rate significantly.

To check whether the assumptions that Hartmann number islarge and Reynold’'s number is
low are satisfied, they are plotted against lithium pressure in Figs 3a-b. Note that in the pressure
regime of interest to EVOLVE, the Hartmann number is>1 for initial crack opening of 1 um and
>12 for initia crack opening of 10 um. Thus the assumption of large Hartmann number is
increasingly violated with decreasing initial crack opening. Although the Reynold’'s number is
>10 at an initia crack opening of 10 pum, the interaction parameter (ratio between magnetic
forces and inertial forces) isalso > 10 for pressures < 0.05 MPa, indicating that magnetic forces
dominate inertiaforces. It isevident that the assumption of low Reynold’s number is

increasingly violated at higher pressures and larger initial crack opening, and consequently

inertiaforces cannot be ignored.



2.2 Lithium Vapor Leakage Analysis

The description of gas flow in vacuum systemsis generally separated into three regimes,
depending on the values of a nondimensional parameter called the Knudsen number defined as
the ratio between the mean free path (L) of a molecule and the characteristic dimension of the

flow channel [7]. For our case, the characteristic channel dimension is the crack opening
displacement 8. In the high pressure range, where the mean free path of a gas molecule is small
compared to o (Knudsen number < 0.01), collision between molecules occur more frequently
than collision between molecules and the channel wall. Conventional flow in thisrangeis called
viscous flow, which can be analyzed by theory of hydrodynamics. At low pressures, the mean
free path islarge compared to & and the gas flow is limited by molecular collision with the wall
of the flow channel. Flow at large Knudsen numbers (Knudsen number>1) is called molecular
flow. Transition from viscous to molecular flow occurs at intermediate values of Knudsen
number (0.01< Knudsen number<1) where both types of collision are important. The mean free
path length (L in m) of any gas molecule is related to its temperature (T in K), molecular weight

(M gram), pressure (p in MPa) and viscosity (I in Pa-s) by the following equation [7]

24 Dldjz

L =1.1451x10 o CM D (7)

Since the mean free path is related to pressure, if we use the properties of lithium vapor at

1200°C [2], the flow regimes for lithium vapor can be expressed as follows [7]:

Viscous flow occurs when pd > 2.5x105,
molecular flow occurs when pd < 2.5x108, and

transition flow occurs when 2.5 x10-8 < pd <2.5x10-6,



wherepisin MPaand d isin m. Since the temperature of lithium in the Jones et al. [4] study was
500°C (pd = 4x1012 MPa-m), the lithium vapor flow was primarily molecular. In the case of
EVOLVE, pd = 3.5x107 at 1200°C, 7.8x107 at 1300°C, and 1.6x106¢ MPa-m at 1400°C.

Consequently, the flow islikely to bein the transition range at the temperatures of interest to
EVOLVE. Sincethereisno reliable mode for predicting gas leakage rate in the transition
regime, the lithium vapor leakage rate was cal culated by both the incompressible viscous flow

theory and the molecular flow theory.

Calculation of leakage rate for gas is more complicated than that for liquid because the
density of gasis astrong function of pressure. A flow rate Q4 can be defined relating it to the

volumetric flow rate and the pressure (p) at which it is measured as follows [7]:

Qg= DT (8a)

Note that the unit for Qy is MPa-m3/s. Theideal gaslaw can be used to show that

av dN
Qg = DE = kTE (8b)

where T is absolute temperature, N is the number of molecules of gas, and k is the Boltzmann
constant. The molar leakage rate can be calculated by Eq. 8b from aknowledge of Q,. We
assume that the gas flow occurs under isothermal condition. The flow rate Qg for fully developed

incompressible viscous (Poiseuille) flow isthen given by [7]

2 2
0. = AD8P po+Pexit __ADpy”
9o3uL 2 64x10” 6L

in MPa-m3/s 9



where the lengths are in m, p, istheinlet pressure (MPa) and pe; IS the exit pressure (M Pa)
taken as~ 0, and Ap (MPa) isthe pressure drop through the FW and p isin Pa-s. The other

symbols are defined after EQ. 3.

For pure molecular flow, the molecules have a Maxwellian distribution of velocity and the

arithmetic mean flow velocity is given by [7]

_mRT? . _ord?
Vi = Trovt O —:|.45.5].DMD inm/s (20)

where R = Nk isthe molar universal gas constant, N, is Avogadro’s number, M is molecular
weight (g/mole). The molecular flow rate Qg through an €elliptically opened crack of length 2¢c

(inm) isgiven by [7]

Qqg= 3L D2 djz Vm(Po ~ Pexit) "¢ MmO in MPa-m3/s (11)
&2 + ® 0
5 2Yp
Mass flow rate (in g/s) corresponding to Qy is given by
M
‘Z—T = 120272—Q$ (12)

where Qg isin MPa-m?/s, M isin g/mole, and T isin K.

Results for lithium vapor leakage rate - Figs 4a and 4b show the variation of lithium vapor

leakage rate through a 25 mm long crack with temperature under saturation pressure by
molecular flow and by viscous flow for initial crack opening of 10 and 1 um, respectively. Note

that molecular flow controls the mass flow rate for small crack opening and viscous flow



controls the mass flow rate for large crack opening and high temperature (i.e., high pressure). At
alithium temperature of 1400°C (saturation pressure = 0.15 MPa) and for initial crack width of

10 pm, the mass flow rate is 5x104 g/s. The mass flow rateis lower for smaller initial crack

opening. Calculated variation of lithium vapor velocity with lithium temperature is plotted in Fig
5afor various values of initial crack opening. Note that the maximum vapor velocity at 1400 °C

(saturation pressure = 0.15 MPa) is 40 m/sfor acrack that isinitially open by 10 um. Thus, the
assumption of incompressibility isjustified up to an initial crack width of 10 um.
Compressibility and inertia effects may become important if initial crack width is significantly
greater than 10 um. Figure 5b shows the variation of the mean molecular flow velocity, which is

independent of pressure and crack opening, as afunction of temperature. As expected, these
velocities are much higher than the viscous flow velocities and follow the sonic velocities in

lithium vapor closely.

3 Permissible Lithium Leakage Rate

Leakage of lithium through the FW may adversely impact the performance of EVOLVE in
several ways. First, by draining the coolant locally from the cracked region, the FW near the
crack may be heated to unacceptably high temperature. Second, lithium atoms evaporating into
the plasma chamber will diffuse into the core of the plasma and may lead to unacceptable level of
impurity ionsin the plasma. In addition, there are other effects of lithium leakage, such as,
impact on plasma exhaustion system, impact on divertor due to impinging Li ions, risk of
corrosive hydride formation, etc., if it continues over along time. In this paper, we consider the
permissible leakage from the viewpoint of itsimpact on FW cooling and plasma contamination

only.



3.1 Impact on first wall cooling

Coolant mass flow rate (dd—'\t") required for cooling a segment of FW tube may be estimated
asfollows

M _ad
dt  h

(13)
where q = surface heat flux, d = tube diameter, | = length of tube segment, and h = heat of
vaporization of lithium. At asurface heat flux of 2 MW/mz2, the minimum coolant mass flow
required to cool a2.5 cm long tube segment is 0.15 g/s, which is 300 times greater than the
conservatively estimated |eakage rate of 5x104 g/s through a 2.5 cm long crack. Thus, more than

30 such cracks can be tolerated without impacting the cooling of the FW locally.
3.2 Impact on plasma contamination

Acceptable core impurity level is determined by fuel dilution and radiation; for impurities
with low Z, fuel dilution is the dominant constraint [8, 9]. Taking a 20% power reduction to
define the limit and assuming an average core hydrogen density of 1x102° mr3, Rognlien and
Rensink [8] have estimated an allowable Li edge density of 3x10® m3. Using numerica 2D
transport simulations, they have calculated the corresponding allowable impurity Li vapor flux to
be 2x102° atoms m2s1 for a low-recycling hydrogen case and 3x10!8 atoms m2s! for a high-
recycling hydrogen case. For a FW area = 500 m2, a mass flow rate of 5x104 g/s (estimated for a
25 cm long crack) distributed uniformly on the FW corresponds to 107 Li atoms
m2st per crack, which is small compared to both the allowable impurity fluxes. Thus, 30 to

2000 such cracks, depending on hydrogen recycling, can be tolerated without impacting plasma

performance.



4. Conclusions

Lithium leakage rate analyses for an EVOLVE FW with 25 mm long axial cracks were
conducted for two limiting cases — liquid lithium flow and lithium vapor flow. Generally, the
mass flow rate is higher for the liquid than the vapor. Of the two, lithium vaporizing at entrance
to crack is probably closer to reality. Heat of vaporization of lithium should not limit the leakage
rate because it does not have to be supplied by the surface heat flux alone and can be supplied by

the coolant and the FW in the immediate vicinity of the crack.

The lithium vapor flow through a 2.5 cm long crack should be viscous at temperatures >
1300°C. Between 1200 and 1300°C, combined viscous and molecular flow (transition flow)

may occur.

Based on this model the maximum Li mass flow rate through a 2.5 cm long crack at the

expected maximum pressure of 0.15 MPais5x104 g/s. Leakage rate will be even smaller if the
initial crack opening islessthan 10 um or if tortuosity of areal fatigue crack isincluded in the

analysis. Total leakage rate from 30 such cracks represents 10% of the 0.15 g/s coolant flow
needed for FW cooling for a tube segment of 2.5 cm long. For a FW area = 500 m2, 5x104 g/s
corresponds to 107 Li atoms m-2s1. Since the allowable |eakage rate from a plasma
contamination viewpoint varies between 3x1018 and 2x1020 Li atoms m-2s1, 30 to 2000 such
cracks (i.e., 0.06 to 4 cracks mr2 of FW area) can be tolerated, depending on the behavior of

hydrogen recycling.
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Fig. 1. Schematic of liquid lithium entering a tight and meandering fatigue crack,

flashing to high velocity vapor phase close to the inlet, and quickly slowing

down to low Reynold’s number flow due to dissipations.
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