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LITHIUM LENS (Il)
LITHIUM FLOW MAGNETO-HYDRODYNAMICS

A.Mikhailichenko, Cornell University, LEPP, IthaddyY 14853

Abstract

We continue our investigation of Lithium Lens (LEQr usage in ILC positron
conversion system. Magneto-Hydrodynamic and Thedyrmamic problems
discussed in association with ~100 kA feeding pulsedrent. Set of Partial
Differential Equations used for description of magmnhydrodynamics phenomena in
liquid Lithium flow. Calculations confirm feasibiii of liquid Lithium system. Some
interesting phenomena (such as circulation in eéntegion and some others)
discovered in Lithium flow.

OVERVIEW

In our previous publication [1] we introducetl Hesign, including the engineering aspects
such as overall configuration, windows attachmect @ignment concept.
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Figure 1: Lithium Lens for ILC positron source; emtled flanges serve for electrical contact. 1—
volume with Lithium, 2—window (Be/BC/BN), 3—eleatal contacts with caverns for Li,
4—tubing for Lithium in/out [2].

One characteristic peculiarity of this desitresides usage of liquid Lithium) is the extended
buffer toroid-like volume which serves for redibtition of flow in the central region evenly.
Thickness of windows was chosen to be big enoughittistand pressure of ~20 atm. BN, BC and
Beryllium-are candidates for material of this wimdfil].



PRELIMINARY REMARKS

Set of equations used for modeling could bmuged into three categorie€lectromagnetic
Hydrodynamicand ThermodynamicAll three have cross terms linking electric catreluid flow
and temperature relaxation due to thermo-condugti@hmic heating, fluid motion and frictional
heat generation due to viscose phenomena. Whenessmfly is included in the set of equations,
the equation of state is required for balancingsiléconsistency.

Electromagnetic:
As we are planning to hawmltage applied to the lens as a given parameter, we bhwsen
solution through vector-scalar potentials:
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div(j) =0 ()
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where y = ot , o A0 H/m; y is relative permeability £ =1 in our model)y stands

for the local velocity,ois electric conductivity. The last set of equatidB% means that we are
using Coulomb calibration.
Total energy deposition into the lens by feedingent during timedT can be calculated as
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We will represent this number for single pulse whtorresponds to the integration time > 2.3msec.
Total losses associated with the single pulse 882 Joulesarriving to 3.4kW for 5 Hz operation
rate for ~70 kA feeding current.
Hydrodynamic :

General equations describing the transportafentum can be written as the following [3]45]
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where momentum flux density tensor can be represdes [4]
My =Py + pWv, -0y _:UO(Hin_%HZa—ik)’ (5)

First term is associated with volume distributidnpoessure. Second term s associated with fluid
motion and could be treated as dynamic pressuréaieic stress tensag; (',t) is a part of tensor

of momentum flux density responsible for transfegriof momentum by viscose forces [3]. This
tensor can be expressed as the following

! Einstein’s summation rule is in action.
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Components of this tensor define stress in lig@deagated by viscose flow, i.e. it is responsible fo
transferring momenta in fixed direction at sometbemhen the slice of fluid above this slice is in

reduced in uncompressible flow to

motion. Losses in liquid per second by viscosisfimed by this term ag; Dg% Energy
j
dissipation rate invholelens on can obtain by integration of this termrowvbole volume occupied

by Lithium
de V,
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For uncompressible flow one can use (7) and sulbstit in (8) arriving to
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Motion of liquid defined by (4) after substitutidimere (5)
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whered; is Kronecker deltap stands for viscosityd =A +§l7, Ais a second coefficient of

viscosity (we are not using this coefficient in @atculations).
For uncompressible flowiv(V) =0dv, /dv, = &nd equations of liquid motion reduced to the
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pﬂ%m %\; vy %\; e zz)"%‘n [iv(grad(v,)) = (j x B),

In vector form these can be rewritten as
p[(g—\t/+(\7 D)V + grad(P) —n % = (j xB). (12)

If compression is not neglected but variation acesity along the flow is small, then equations (4)
can be reduced to
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Without term at the right sidg,j x B) = 0, expression (13) in known as Navier-Stokes eqnatio
For pressure we used an equation obtained fromwihiB¢ applied operand divergence to it
2 —
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wherel" is Gruneisen coefficient; is arbitrary constant. By brackets { } marked termot
involved in calculation is this current investigatj but will be used when beam —lens interaction
will be under consideration. Ter@(r,t) defines profile of energy density deposition by beam.
Term with second derivative becomes important et <L/c; 01048, i.e. for excitation by
single bunch in train.

Let us estimate action of magnetic field t@ thressure using equation (12). For steady
conditions in non-viscous flow at the top of feeglourrent equation (12) reduced to

O(P) =(j xB) (15)
One can expand these equations in cylindrical ¢oatels as
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where it was substituteBy(r) = toHg(r) Oplr /(278%) , wherea stands for the radius of Lithium
flow at central part. Maximal field value reachedre surface goes to be

I al j,
Bol(r =) 022 050702 (17)

We can set the pressure at the surface equalao(izee surface) which is valid for solid Lithium
rod, so
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Substitute for estimations = ﬁ j,dSOj,/mh? O70kA a=0.5cm, one can evaluate
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As IT « [ 4atm, the pressure at the center part of lens combs 8 03Jatm3[A0°Pa. This is

a pressure prop between periphery and central me@gmoour model the pressure drop between
inlet/outlet tube fringe was varied up poin=2E6 Pa (i.e. ~20atm), while at the middle of lens it

comes to ~half of this value i.e. tb0° Pa, so the magneto-pressure influences substantiattye
flow as it will be confirmed by numerical calculartis.



Situation when liquid Lithium is in use is quitlifferent compared with solid Lithium usage.
Namely when magnetic pressure applied to the datfidum there is a possibility for development
a gap between Lithium surface and the inner suiddcentainer. Indeed, in case of liquid the liquid
has a tendency to fill this gap by supplied podidrom inlet hose. In modeling we set the
boundary conditions asatural(p)=0 which means absence of flux through boundary (sémn).
Thermodynamic:

Temperature dynamics defined by balance of enengynoving media. From thermodynamic

identity de=TdS- PdV=TdS+%d,0 could be derived the balance entrdpyUsing identities

T%=Cp%T and T [div(s) =C,grad(T) [5] one can obtain equation for temperature as the
following

pmp(%—I+VEgrad(T)j div(k Cgrad(T)) + P [div(V) = (JEE)+0’k +Q(r ., (@19

kis thermal conductivity,C, is heat capacityp is volume density of Lithium.
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Let us make preliminary evaluation of tera]’ﬁli-lgf' and (j [E) at maximum current.
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de
dt vis

where SO7t2 stands for cross section of flow. Velocity of fldw central part of lens could be
found as big ag~100 m/sec (at max, when te(jrx B) is acting) viscosity of Lithium at 573K is
n~5.2E-4 Pa-s [6] , so the term associated withogigg comes to be for characteristic dimension
L~1cm

de

0-314062004 010102 =-1610 W /m?.

vis

Meanwhile the Ohmic losses could be expressed as

de
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Substitute in last formula numerical values forrent I=100kA, o =3010°[Ohni* n™] one can
obtain
100°10°

de  __
ohme  3140B010°001

dt

O0-10°[W/m?].

So the Ohmic losses (and heating) one could expdm¢ much more severe, than the ones arising
from viscosity. So although the terms with viscpditissipation included in general model, we
sometimes turned off these ones to speed up thelaabns.

Expression for viscosity loss term used in modeh{ad agfi in equation on page 9) is
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Distribution of losses calculated with this formul@presented in Fig. 43, see below. Physical
meaning of this heat generation lies in fact tlatliquid, viscosity phenomena equivalent motion
with friction as the layers of liquid interacts dlugh normal to direction of motion surface. So the
friction forces responsible for heat deposited dbsd by this term (22).

One can see from equation (12) that for influeniseose term relatively to kinematics of liquid one
should compare terms

(22)

v )
pa%t D% and n M Drﬂz. (23)

Ratioof these terms iReynolds number
2
Re _ vl r _pk i p VT
NI n
where was substitutedl vr, r stands for characteristic distance anstands for characteristic
time scale of process. For our parameters-lcm v~lm/s viscosity
05010°[kg/ m’] .1 m/sec]10%[m] 1o
500 [N/ m? 3ec]

means that Lithium motion is turbulent brining plevhs with modeling, as there is no steady
solution for the flow.

Magnetic Reynolds parameter defined in magneto-hydrodynamics astia md characteristic
dimension to the depth of skin layer [4] (see eiguat(1)-(3) and (29) below)

, (24)

n 0500 *Pals , p005M00°kg/m* , Rel This

r _ryuo
Re =—= (25)
& a At
in our case Rg-1. In the same manner one can introdlicermo Reynolds number as a ratio of
characteristic dimension to the thermal skin lah@kness (see (19));
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First, let us estimate thermal skin layer depth= \/G/J,ocp . Substitute her&=43.15W/m-K

C,=4.38 kJ/kg/K, one can obtain
/ -3
o 0 4310 =14010"m
Josm0°438m0°

while vr 00.4[m/sec]10*[sec]010*m, i.e. Rg~1. This means that for one millisecond thermal
diffusion is of the order of flow distance.




NUMERICAL MODEL

All equations represented in previous secti@nused for modeling of Liquid Lithium flow. For
modeling with these equations, Partial DifferenEgluation solver FlexPDE [8] is used. As it could
be concluded from description of this softwareisés Galerkin method on the basis of trigonometric
polynomials. This solver uses then modified NewRaphson iteration procedure. This code allows
easy access to the problem script and it is ugardly. Other possibilities might be associatechwit
the COMSOL and ANSYS; these both have solverslénd motion.

3D model was erected, some imperfections (f&h0.1mm shift of Lithium central part and

feeding tubes) was modeled. Although inlet andeatutibes attached in slightly different style as in
our engineering model, this does not influenceltesand was just made for simplification. What is
important here is that viscose phenomena mostlgcteiely manifested exactly at the inlet and
outlet tubes, where reduction of velocity is substaal, despite the input pressure kept at thellev
of 1-1Catm

FlexPDE divides the volume mesh in accordance ofiacy required; the accuracy is merely a
matter of time. We did not uses extreme valueshasl 0% accuracy is more than enough for most
realistic conditions. As velocity is much differantdifferent parts of lens, Reynolds number serves
just for general characterization of Lithium flofor( example velocity comes to zero at the inner
surface). In our model we used maximal value obei&y over all volume and the size of model as a
characteristic dimension:RE=density*globalmax(vm)*2*L/visc , wherevm stands for velocity
modulus. So this number is a major one for thdlero at any time.

2L
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Figure2: Model 1 and Model 2 use the same equationgel 2 has no mesh in upper and lower
layers, sometimes we excluded even volume occupiedindows.

As one could see, the full problem is a setlifferential equations, in which instant values of
variables from one equation used in another asngivel vice versa. So this becomes complicated
nonlinear problem, sensitive to the sequence oatopus to be solved. Time dependence adds to
complexity, as the time step of one variable prepag through the model by appropriate algorithm,
which is sensitive to the values of others variaptene step itself and spatial division of model
(mesh size). For pure hydrodynamic part of equatitrthe model could be simplified by excluding

7



the regions where the Lithium is not flowing. Fa@laulation of magnetic field we using vector-
scalar potentials which have boundary conditionsatifier different nature, so for simplicity we
restore the grid in layers having feeding tubes thedones reserved for windows. So we used two
grid systems for our problem depending of problerbéd solved.
Volume represented at the right required for easatisfaction of boundary conditions for vector
potential. For heat and liquid transport this vosnat the top and bottom of model could be voided.
In full model we set viscosity, heat conductivitie@ric conductivity in volume where there is no
material as

layer 'down' sigma=1e-15 visc=1el0 k=1e-15 rity=1e10

layer 'up' sigma=1e-15 visc=1el0 k=1le-iiBnsity=1e10

which stands for =10°0hm*m™ , 7 =10° Pals, k=10"W/K/m, p=10kg/m?
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Figure3: 3D sketch of model as it appears in FlePD
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Figure 4: Dimensions of modehm All dimensions are subject of optimization prese



Accuracy of calculations set within $a0* for most variables which are velocity, vector-puia,
scalar potential, pressure, temperature (plus tierévative of pressure, not used in this series of
calculations, but will be used in modeling with bga

Dimensions for modeling covér=+ 3cm in vertical direction; radius of mod&a=2.4cm other
dimensions given in Fig.4 above.

Variables and parameters
Variables are: three components of velocity (vestgr three components of vector-potential

(vector A), temperatureT and pressure P.
v(le-2)=vector(vx,vy,vz) A(l.e-3)=vector(Ax,Ay,Az)U(1le-3) P(1e-2) Temp (1e-3) !dpt(le-3)

Other numerical parameters used for this modelirg& (temperature in Kelvin)

T 0.467
0 =2785-0.04657T +2746 Eél— ﬁ)} , kg/n?

k =2228+ 005[T -1.243[107° [T?, W/mFK
0 =10°/(- 649 +1.064T -1.035010°*"T 2 + 5330107 (T3 - 9230102 T*), Ohni'm

C, =4754-0.925[T + 2910107 [T?, Jkg’K
n = exp(— 4.164- 0.63740n T +2921/T) Pal$

For temperature 478 (200°C; melting temperature of Lithium is 454 or ~18FC)), this comes
to 7 =5.686[10* Pals. In [7] represented slightly different approxinuatiof viscosity based on
measurements by oscillating-cup vicousemeter irpegature range from 464 to 923 K as

n =1.52200 [&xp(70366/T)

For temperature 47R this formula givesny 0 67410* Pa-s The difference lies below the
accuracy of calculations.

Initial values
vx=0 vy=0 vz=0 P=1e6 Temp=Ta+(Tb-Ta)*(z+L)/2/lor Temp=Ta

so the initial temperature is linearly varying fronfet to outlet from valuda to Tbh. In latest set
of runs, temperature of all walls along the modaswhosen to be 48G.

Tuning of model

First, it was necessary to choose initial pressmi pressure drop actoss inlet/outle tube orifikes.
time predecessing appearance electric currenteasy to arrange steady flow. Pressure chisen of
the order of few atmosperes and pressure droedaedtticficially in some margings to obtain a
stedy flow (what defined basically just by pressdirep across model).

For exclusion of Gibbs phenomena some artificiiision was introduced. It based on including
terms with -iv(v) in equations, for uncompressible flow this termzsro, but gives some
decrement. Anouther way to controll calculationsFiexPDE is usage of operntHEN . In
sequence of equations it plays role of distributbsequence within one step of calculations with
few equations. Namely, the text in script with gpeTHEN looks like



EQUATIONS

U: div(J)=0.

A: div(grad(A))=0

THEN

v density*(dt(v)+dot(v,grad(v)))+grad(p)visc*div(grad(v))=cross(J,B) +visc/3*grad(div(v))
p: div(grad(p))=density*div(dt(v)+dot(v,grad(v)))+div(cross(J,B))+1e5*visc/r*2*div(v)

+visc/3*div(grad(div])) !+1/c02*dt(dpt)!-G/c02*Q
Temp: density*cp*(dt(Temp)+dot(v,grad(Temp)))-k*div(grad(Temp))+p*div(v)=dot(J,E) +pfi

pfi stands for set of terms described by (22). Eathof equations solved one by one; while
solving the set withiTHEN, the variables in other equations hold constanhdwone time step.
Equations are the same in two models. Except teensth omitted mesh at lower and upper layers
and in grooves for windows used for hydrodynamazdtulations only.

PRESSURE DYNAMICS

Pressure set at input and output orifices tfium duct at the model boundary aalue(p)=p_in,
value(p)=p_out respectively. Boundary conditions for pressarenodeling with FlexPDE electric
feeding pulse heating defined amatural (P) = dP/dn, where

oP - = : ov ov ov ov
—= B), +n ™ d(v,) —pQ—=+ X 4 X 4 X) [+
o = tﬁux )o 7 Tiv(grad(n) = pEESE + g+ vy G+ )}
. 0 0 0 0
n, Eﬁ(j xB), +n Ediv(grad(vy)-pqu%+vx a\;y +V, a\;;' +V, avzy)}- (27)
- = : ov. ov. ov ov.
B d _ z z z z
n, Eﬁ(Jx )o A TIV(grad(v,) = pLESE + J 41, T+, az)]+

For inlet tube pressure is setRoin=1E6 Pa, for outlet one it is set to zero. Boundary condition for
velocity at the inner surface of the lens are set asector(0,0,0), so there is no sliding along the

surface. This could be easily modified, however, if necessary.

Lithium Lens with Viscous Flow-2 16:28:34 1/19/10
o2 L L L FlexPDE 6.11

| Pressure
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-3. 2. -1, 0. 1. 2. 3.
X ®2  Sca=Es

just Viscose flow 2: Cycle=55 Time= 5.7500e-4 dt=1.0225e-5 P2 Nodes=8745 Cells=4959 RMS Err= 3.8e-7
Re= 11161.63 Intearal= 735.9248

Figure 5: Pressure without electric current.
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During modeling relative orientation of inlet and outlet tubas varied just for understanding the
dependence. With skew symmetrical orientation the temperature and reressiation was
minimal, but mirror symmetry induced by design, yield sligigtger asymmetry, which was found
acceptable. Each time dependent picture could be represented as aSizevdd.file with results
for ~12mseccalculations occupies ~7.9 GB and takes ~7 hours of calculatiddCowith quad
processor with multi-thread (4 threads) processing.

While full model is in use the pressure at the boundaries traadfémrough, so it appears in regions,
where materials are absent. This happens as we did not surrolbiuanlLiity container which holds
the pressure.

Lithium Lens with Viscous Flow-3 09:56:26 1/29M10
P \ | ) . . . . FlexPDE 6.11
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Viscose flow Jan 28 2010: Cycle=135 Time= 1.4950e-3 dt=1.0225e-5 P2 Nodes=55609 Cells=39554 RMS Err= 0.0559
Integral= 4451.796

Figure 6: Pressure in volume while current is running.

Lithium Lens with Viscous Flow-3 18:43:47 2/1/10
o ‘ ‘ ‘ s ‘ ‘ FlexPDE 6.11
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Viscose flow Feb 2 2010: Cycle=165 Time= 1.8400e-3 dt= 1.0780e-5 P2 Nodes=73398 Cells=52442 RMS Err= 0.0304
Reynolds number max= 1635.005 Integral= 278.4650

Figure 7: Pressure from previous Figure zoomed at central region Jtenin on. Inlet pressure
p_in=1.5e6Pa, delp=1.5e4Pa. Left side of this plot considers with axis of flow from
window to window. Time ~1.8fsedrom beginning of process.
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Lithium Lens with Viscous Flow-3 20:38:19 1/410

o7 FlexPDE 6.11
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Viscose flow Jan 4 2010: Cycle=159 Time=4.5237e-3 dt=2.6118e-5 P2 Nodes=17741 Cells=12198 RMS Enr= 0.061

Figure 8: History of pressure at central point. One can s¢é@téssure jumps ~1.5 times in this run.

ELECTRIC CURRENT FLOW
Substitute in equation (2) values of current from (1) one canrobtai

div(§) = -(div(a I%t&) + div(g [rad(U)) + div(o [V x é))] =0 (28)

This equation used for definition of potential. Prof potential inside Lithium defined by finite
resistivity o 0 0.30L0° [Ohmi m™].

Equations (1)-(3) correctly describe diffusion déd inside Lithium. For example, substitute in (3)
expression for current (1) one can obtain

div(grad(A)) + 01, = divgrad(A)) - p ok - uw L+ p oo x8), =0, (29)

and so on for other components. It is clearly skem here that this is diffusion (parabolic)
equation with skin layer depth defined as chargties of this equation, i.e.

uo
— 00— 30
52 . (30)
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Lithium Lens with Viscous Flow-3 12:11:14 1/5110
od ; FlexPDE 6.11
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Viscose flow Jan 4 2010: Cvcle=160 Time= 4.5531e-3 dt= 2.6118e-5 P2 Nodes=17741 Cells=12198 RMS Err= 0.0615

Figure 9: Electric currenAmpers
Voltage applied to the lens taken as a sum of thdeeharmonics

U(t)=U,[Q-45 Bidw) -09 |:15in(311 & Snit-t/19 ;T ! 1O))]

%’10)) ~ 017C8in (31)

for 1—10r <t <%r wheret = 2.3msec. Beginning of the voltage pulse shifted from thement of

modeling startt=0 by 1/10 . Graph of currenﬂ(t)zjjz(r)ds, where surface integral of

longitudinal component of current density is talenoss the flow in central part, is shown in Figure
above. Field histories are shown in Figure belowrédial displacements= 0.25; 0.4; 0.5; 0.6; 0.7;
0.8; 0.9; 1.2xr, wherer, = 055cm stands for the radius of Lithium rod in centralss section

Lithium Lens with Viscous Flow-3 12:11:14 1/5110
I FlexPDE 6.11

HISTORY

)
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0.5

T e-4 *

Viscose flow Jan 4 2010: Cycle=160 Time= 4.5531e-3 dt= 2.6118e-5 P2 Nodes=17741 Cells=12198 RMS Err= 0.0615

Figure 10: Magnetic field history for differentdial positions. Diffusion terms turned “off”. Field
given inTeslaunits.
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Time scale irsecondsfields inTesla Maximal field value graph corresponds to disptaent of
0.9 1, = 09% 055cm. Terms in current — g(dA/at) not included into this calculation.

The view of field with vector-potential terms, ifer | = oE = -g(dA/dt) — ograd(U) represented
in Figure below.

Lithium Lens with Viscous Flow-3 10:15:09 1/7/10
FlexPDE 6.1

| Seee P HISTORY
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&4 *

Viscose flow Jan 4 2010; Cycle=131 Time= 3.6225e-3 dt= 2.5563e-5 P2 Nodes=17741 Cells=12198 RMS Err= 0.0615

Figure 11: Magnetic field history with diffusioarms “on”.

One can see, that the difference manifests in tegens, where variation of voltage rate is high
(skin-layer build up and dissolving).

Lithium Lens with Viscous Flow-3 10:52:11 1/8/10
2 I ; | P 1 s | ; I fis = FlexPDE 6.11
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Viscose flow Jan 4 2010: Cycle=20 Time= 4.3125e-4 dt= 2.5563e-5 P2 Nodes=17664 Cells=12143 RMS Err= 0.0618
Dissipation= 71317.97 Integral= 2.354730e-6

Figure 12: Potential. By blue arrows it is showwa t.ithium flow, by red-current.
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Voltage applied to the side surface of cylindrib@undary. In some runs we switched relative
directions of current and liquid flow.
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Viscose flow Feb 20 2010 electricity only: Cycle=10 Time= 6.9000e-5 dt= 9.1131e-6 P2 Nodes=98387 Cells=69850 RMS
Integral= 1.163397e-4

Figure 12: Magnetic field strength painted.
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Viscose flow Dec 12 2009: Grid#4 P2 Nocdes=74816 Cells=53615 RMS Err= 2.8e-4
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Figure 13: Vertical (longitudinal) magnetic fietdntours.
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Lithium Lens with Viscous Flow-3 20:38:19 1/4/10
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Viscose flow Jan 4 2010: Cycle=88 Time= 2.4381e-3 dt=2.6118e-5 P2 Nodes=17741 Cells=12198 RMS Err= 0.0609
Power of dissipation, Watts= 126634.3

Figure 14: Vectors of current density. Value ofreat density represented by the length of arrows
and theirs color.
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Viscose flow Dec 12 2009: Grid#4 P2 Nodes=74816 Cells=53615 RMS Err= 2.8e-4
Integral(1)= -1.826589¢e-5 Integral(2)= -2.148414e-5 Integral(3)= 2.318045e-6

Figure 15: Field elevation across midplane of model
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Figure 16: Magnetic vector field in midplane of nebd
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Figure 17: Longitudinal field dependence at 0.8usaf lithium rod;B(z) = B(x=0.8r,y=0,2)

Family of graphs like in Fig. 17 for different offis allow calculation of integral as function of
transverse offset (displacement) , Figs. 18, Namely,

17



Int(x) = JL. B(x,y=0,2)dz

represented in Figs.18, 19 below.

|= Integral as function of radial displacement 23.4 kA, rl=0.6 cm
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Figure 18: Field integral over longitudinal dirextias function of radial displacement
before correction of geometry made

Correction of geometry applied
Correction of Lithium flow radius, window radius veedone while modeling.

(=)

Integral as function of radial displacement geometry corrected, 21.6 kA, ri=0.55 ¢cm, hi=.45 cm hw=0.3 cm
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Figure 19: Field integral for corrected geometry
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Lithium Lens with Viscous Flow-3 16:42:01 12/14/09
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Figure 20: Field across. Corrected geometry

By comparing graphs in Fig. 20 - Fig.15 and FigFi§-19 one cans see, that the field dependence
is much more linear after correction done.

LITHIUM FLOW

Flow of Lithium is governed by vector equation. (I FlexPDE Grammatik components look like
the following

vX: density*(dt(vx)+vx*dx(vx)+vy*dy(vx)+vz*dz(vx))+ dx(p)-visc*div(grad(vx))= xcomp(cross(J,B))
vy: density*(dt(vy)+vx*dx(vy)+vy*dy(vy)+vz*dz(vy))+ dy(p)-visc*div(grad(vy))= ycomp(cross(J,B))
vz: density*(dt(vz)+vx*dx(vz)+vy*dy(vz)+vz*dz(vz))+dz(p)-visc*div(grad(vz)) = zcomp(cross(J,B))

FlexPDE-version 6 allows writing this system agiérvector equation
density*(dt(v)+dot(v,grad(v)))+grad(p)-vis*div(grad(v)) — Ys*visc*grad(div(v))=cross(J,B)
(compare with (13):

Pfﬁ% + (vuﬁ)vj + grad(P) - pm% - (¢+in)oraddiv(v)=(jxB) )

19



Lithium Lens with Viscous Flow-3 12:20:19 1/13/10
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Viscose flow Jan 12 2010: Cycle=13 Time= 2.3000e-4 dt= 2.5563e-5 P2 Nodes=8170 Cells=4645 RMS Err= 0.0551
Reynolds number max= 12445.39 Integral= 2.309626e-4
Figure 21: Contour of Lithium velocity module.
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Figure 22: Vectors of velocity, no electrical cuntrget.
High pressure; stationary solution ferfJ{xx z} . Tubes have off set ~0.01lmm. Re~2865.
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Lithium Lens with Viscous Flow-2 11:56:20 1/14/10
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Figure 23: Developed turbulent flow at higher Rdgsamumber with different initial pressure and
pressure drop along the Lithium flow during traiosit

Despite the turbulence is pretty developed, the flo central region remains quiet as is could be
seen in Figure below.

Lithium Lens with Viscous Flow-2 11:56:20 1/14/10
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Figure 24: Velocity vector plot; by the cut madeoithogonal plane.
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Lithium Lens with Viscous Flow-2 16:50:44 1/19/10
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just Viscose flow 2: Cycle=105 Time=1.1500e-3 dt=1.0225¢-5 P2 Nodes=8745 Cells=4959 RVS Err= 4.9¢-6
Re= 118255.5 Integral= 3.384133e-5

Figure 25: The same cut as in previous figure nowt thev,, = ,/v2 +vf, +VvZ is painted by color.

Lithium Lens with Viscous Flow-2 16:28:34 1/19/10
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just Viscose flow 2: Cycle=105 Time= 1.1500e-3 dt=1.0225e-5 P2 Nodes=8745 Cells=4959 RMS Err= 3.9e-7
Re= 14942.56

Figure 26: Re~15000; time dependent problem witbdr pressure drop rise. One can see, that
central axis of flow is shifted. Arrows normalizedthe same length; velocity represented by color.

As we could expect from equation (12) the presgradient developed by terfiix B) is big in
comparison with pressure drop along lithium flowt(leen inlet and outlet orifices).
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Lithium Lens with Viscous Flow-2

o . ‘ . ‘
3.1
2.1
1.
N 0.-
-1.1
-2
-3.1

‘ . ‘ . ‘ .

3 12 - 0 1 2.

X

e-2

Welocity
ony=0

11:11:05 1/15/10
FlexPDE 6.11

max

min

Scale =E-2

0000000000 St s LGOI I R R I L0000 10 L0 10 0040 Lo (0 o
OO NP E NN IR DN R AR RO D B EN D IRO DL L E e DOOD
SE 0080800805000 00500060000000856060000800000M

just Viscose flow 2: Cycle=12 Time= 3.2200e-4 dit= 4.0900e-5 P2 Nodes=8745 Cells=4959 RMS Err= 5.7e-4

Re= 2354.940 Integral= 6.752512e-6

Figure 27: Inlet tubes slightly squeezed.
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Viscose flow Jan 12 2010: Cycle=25 Time= 5.7500e-4 dt= 2.2024e-5 P2 Nodes=25907 Cells=18151 RMS Err= 5.7222

Reynolds number max= 1.369384e+7 Integral=-1.496218

Figure 28: Contour plot ofliv(V) ; it is zero practically everywhere with numericaacy.
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Figure 29: Vectors of velocity zoomed. Left axisnmdes with lens axis.
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Figure 30: Velocity profile from previous Figureaaed; no electric current.
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Lithium Lens with Viscous Flow-3 13:08:19 1/13/1(11)
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Viscose flow Jan 12 2010: Cycle=2 Time= 5.7500e-5 dt= 2.8750e-5 P2 Nodes=18469 Cells=12705 RMS Err= 0.0427
Reynolds number max= 34173.52

Figure 31: Vectors of Lithium flow in transition kone.
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Viscose flow Feb 2 2010: Cycle=236 Time= 2.6565e-3 dt= 1.0225e-5 P2 Nodes=78853 Cells=56472 RMS Err= 0.0428
Reynolds number max= 27266.31 Integral= 5.033945e-3

Figure 32: Velocity profile across inlet tube. Sodedlection of profile from parabolic defined by
accuracy of calculation.
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Lithium Lens with Viscous Flow-3 18:45:24 2/2110
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Viscose flow Feb 2 2010: Cycle=236 Time= 2.6565e-3 dt=1.0225e-5 P2 Nodes=78853 Cells=56472 RMS Err= 0.0428
Reynolds number max= 27266.31 Integral= 4.375440e-3

Figure 33: Velocity profile across outlet tube.
One can see that the velocity profiles are the sanmgut and output tubes.
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just Viscose flow 2: Cycle=30 Time= 1.1500e-3 dt= 4.0900e-5 P2 Nodes=8745 Cells=4959 RMS Err= 5.8e-4
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Figure 34: Velocity profile just below outlet tube.
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Lithium Lens with Viscous Flow-2 11:}1:3-08 1/15/10
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just Viscose flow 2: Cycle=30 Time= 1.1500e-3 dt= 4.0900e-5 P2 Nodes=8745 Cells=4959 RMS Err= 5.8e-4
Re= 2353.704 Integral= 3.737796e-7

Figure 35: Velocity profile in the middle of modgicross the plane with central point {x=0, y=0,
z=0}.

Now the current is running; Figures below reflect circulation forced byx B term.
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Viscose flow Jan 28 2010: Cycle=205 Time= 2.3000e-3 dt= 1.0225e-5 P2 Nodes=39225 Cells=27733 RMS Ernr= 0.0609
Reynolds number max= 829.9611

Figure 36: Velocity vector-field. Term wit x B is now included; maximal field.
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Viscose flow Jan 28 2010: Cycle=205 Time= 2.3000e-3 dt= 1.0225e-5 P2 Nodes=39225 Cells=27733 RMS Err= 0.0609
Reynolds number max= 829 9611

Figure 37: Cut in rectangular plane.
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Lithium Lens with Viscous Flow-3 12:10:50 1/25/10

e ) ‘ ‘ FlexPDE 6.11
Velociy
3 L on y=
max 3
i 3
-
i o
h 9
3 5
s
2. i 5
- 4
b 3
a 2.
I i
Y 0
% 9.
v ;
1.9 B i 13
T 5
S 1
R 3
ol i
P 1
0 0.
il il
M .
N 0. -k :
J 5
i 4
H 3
G 2
£ i
i 0
i} 9
¢ 2
EE - B 7.
A 25
2.4 -
L 10
| 9.0
-3.1 - i 8.0
3 h e
T T T T T T T Z 3
-3 -2 -1 0. 1 2. 3 d :
c
&2 8
X i 0

Viscose flow Jan 28 2010: Cycle=205 Time= 2.3000e-3 dt= 1.0225e-5 P2 Nodes=39225 Cells=27733 RMS Err= 0.0609
Reynolds number max= 829.9611 Integral= 5.512972e-3

Figure 38: Velocity contours joint points with te@me velocity module.
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Viscose flow Jan 28 2010: Cycle=205 Time= 2.3000e-3 dit= 1.0225e-5 P2 Nodes=39225 Cells=27733 RMS Err= 0.0609
Reynolds number max= 829.9611 Integral= 5.512972e-3

Figure 39: Velocity contour painted. One can sgenasetry induced by systematic flow.
Turbulence pretty manifested.
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Viscose flow Jan 15 2010: Cycle=14 Time= 2.5875e-4 dt= 2.5563e-5 P2 Nodes=19316 Cells=13339 RMS Err= 2.0635
Reynolds number max= 6655.362

Figure 40: Plot of velocity (Fig.37) zoomed. Leitles coincides with axis of lens. Circulation is
clearly seen here. Moments of time correspontiedield at maximum.

Typical dependences of Re number during rise o§que drop to its maximal valaelp=1N/nt
according to the low

p_in=1e6
p_out= IF t<tau/10 THEN p_in-delp*10*(t/tau) elsep_in-delp
is shown in Fig below.
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just Viscose flow 2: Cycle=30 Time= 1.1500e-3 dt= 4.0900e-5 P2 Nodes=8745 Cells=4959 RMS Err= 9.3e-4
Figure 41: Time variations of Reynolds number wktile change of pressure drop.
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Would like to attract attention, that viscositysis small (in numerical expression), so the pressure
drop along the model is very small.

TEMPERATURE

One can see that equation (19) is a paraldifitision) type. Really, the temperature relaxatio
in absence of dissipation (after feeding pulseoisej, time dependence of temperature defined by
(29) with all terms at right side set to be zeliwergence also, so

p[([lp(%—-[+\7 []grad(l’)j — div(k [rad(T)) + P Wliv(v) = (j [E) + o, g—vxik+Q(f,t)

comes to

pC, Eé%—-trﬂ”/ Egrad(r)j—div(k [grad(T))=0 . (32)
As we already mentioned, (26), thermal skin lagierdefined by characteristic of this equation as
LZ = & , (33)
or T

and it makes diffusion processes mentionable here.

Initial profile of temperature was set a¥emp = Ta+(Tb-Ta)*(z+L)/2/L as a start one; it is
quickly reversed to proper one. In case, when teatpee of lens boundaries kept constant,
temperature was set asmp=Ta at all boundaries

The source of heating in equation (10),[E) represented in Fig. 42 below.
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Viscose flow Jan 4 2010: Cycle=47 Time= 1.2075e-3 dt= 2.5563e-5 P2 Nodes=17741 Cells=12198 RMS Ernr= 0.0637
Dissipation= 4241455 Integral= 3.035366e+7

Figure 42: Ohmic losses.
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Viscous losses calculated with formula (6) représgim Fig. 43 below.

Lithium Lens with Viscous Flow-3 10:52:11 1/8110
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Viscose flow Jan 4 2010: Cycle=37 Time= 9.2000e-4 dt= 2.5563e-5 P2 Nodes=17734 Cells=12193 RMS Err= 0.0639
Dissipation= 413559.9 Integral= 231227.7

Figure 43: Viscose losses, formula (22).

One can see, that these losses manifest in t@mségion. We would like to attract attention that
scales in Figs differ 1000 times.

Temperature history calculated for few scenariosa ffirst one the fixed temperature kept at the
entrance and exit only allowing establishing terapee at the walls in between by the heat
generation.
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Figure 44: Temperature history for six differenspions.

Locations of points where temperature represeritedss in Fig.45 below
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Lithium Lens with Viscous Flow-3 12:11:14 1/5/10
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Viscose flow Jan 4 2010: Cycle=160 Time= 4.5531e-3 dt= 2.6118e-5 P2 Nodes=17741 Cells=12198 RMS Err= 0.0615
\ Dissipation= 2.069478e-303 Integral= 0.045868

Figure 45: Temperature profile painted. Lettersrespond to the graphs in previous Figure 44.
Pointsf andh located at the side with outlet and inlet tubespeetively.

Next Figures show the temperature and its profitel2msec.
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Viscose flow Jan 4 2010: Cycle=405 Time= 0.0115 dt= 2.5563e-5 P2 Nodes=17741 Cells=12198 RMS Err= 0.0615

Figure 46: Temperature graph extended to m$2c Points are the same as in previous Figure.
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Temperature rise at poigt(andQ) is a result of drift more warmer pats of liqumMards the outlet
tube.
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Viscose flow Jan 4 2010: Cycle=405 Time= 0.0115 dt= 2.5563e-5 P2 Nodes=17741 Cells=12198 RMS Err= 0.0615
Dissipation= 1.009784e-19 Integral= 0.043638

Figure 47: Temperature profile painted, 1th8ecpassed since start.

Drift is clearly seen here. So the temperatureoattp is the lowest one and drops its temperature
fasted, than any other one. We would like to remthat time between beam trains in ILC is ~200
ms for 5Hz operation.

We recommend arranging this side towards the target, so the heating condition will be relaxed
substantially. Further time development up ta@)is shown in Fig.48 below
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Viscose flow Jan 4 2010: Cycle=2662 Time= 0.0764 dt= 2.5563e-5 P2 Nodes=17741 Cells=12198 RMS Err= 0.0615

Figure 48: Temperature in Celsius in this plot4f#secpassed.
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One can see that temperature in pding relaxing to the inlet temperature (250 Deg) uicgest
manner. This is due to the liquid flow. Appropeaemperature profile in all cross section is shown
in Fig below. A “tongue” with lowest temperaturenclae explained by flow from inlet tube, which
located close to this side.

Lithium Lens with Viscous Flow-3 18:54:40 1/9/10
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Viscose flow Jan 4 2010: Cycle=2664 Time= 0.0764 dt= 2.5563e-5 P2 Nodes=17741 Cells=12198 RMS Err= 0.0615
Dissipation= 1.079542e-151 Integral= 0.033990

Figure 49: Temperature is given in Celsius; temioeeskept fixed at the entrance and exit only.
76.4msecgpassed.

In other scenario the temperature of all walls kept fixed at 48Q As the speed of liquid
reaches 100 m/s by magneto effect, that meanshbatistance between the wall and center of lens,
~0.5 cm liquid passes in05010%/100= 005ms=50us. As the pulse duty is 2.815 this effect
should be significant. Result is shown in Figuriohe

One can see that high temperature liquid movedh® dentral region. Temperature rise is
substantially lower, than in first case and coolsmgoing much more effectively.
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Viscose flow Jan 28 2010: Cycle=205 Time= 2.3000e-3 dt= 1.0225e-5 P2 Nodes=39225 Cells=27733 RMS Err= 0.0609

Figure 50: Temperature history at the same poiviten the walls temperature kept constant at
480°K.
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Lithium Lens with Viscous Flow-3 12:10:50 1/25/10
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Viscose flow Jan 28 2010: Cycle=205 Time= 2.3000e-3 dt= 1.0225e-5 P2 Nodes=39225 Cells=27733 RMS Err= 0.0609
Dissipation= 149575.4 Integral= 0.048271

Figure 51: Temperature profile for the temperakapt 480°K at the walls

DISCUSSION

The magneto-hydrodynamic problem of Lithiurowl is extremely complicated for numeric
modeling due to nonlinear nature of equations wm®d! Low viscosity of liquid Lithium (as it is
about the same as it is for hot water) magnifiéicdities of problem modeling. Lithium flow in
the volume is pretty turbulent for pressure drophi; model within fraction of atmosphere. So some
stabilizing mechanisms typical for numeric modelsigpuld be used here. Reduction of pressure
drop (inlet/outlet) to 0.01 atm allows steady laamifiow.

Meanwhile in the big picture, the following svadentified during modeling: when the current
starts running through Lithium, it generates a gl pressure differen@erossthe flow which
reaches few tens of atmospheres. This pressursifined by velocity-dependent part as

~(jxB) DoqvxB)xB.

Sequentially, the velocity of liquid reachess of meters per second (~If@ifsecmax) inside
small volume of lens. This rapid vortex motion esislynamic pressure a few times compared to
initial one, but liquid is rapidly mixing, caringotd fractions, which were in contact with walls, to
the central region. We can treat this process asedoconvectional cooling. Here is the key
difference between solid and liquid Lithium: in easf solid, compression of Lithium rod in radial
direction transferred to longitudinal direction Wiards windows) according to atomic forces
according to Poisson ratio. Tendency of radial @jeace of material is suppressed by atomic forces

inside solid, so we expect that in case of lighigl lhit of window is smaller. In any case the pressu
at the surface of the window is ~ 3 times loweantlthe one in central region.

One can estimate, that velocity ~1060s will mix the Lithium volume within time frame
~r/v=5003m]/10qm/s] = 005ms=50us, which is forty times less than the feeding electr

pulse duration. So roughly, the temperature gaier giassage of singlerislong train could be
considered as the one distributed over the whot@iltn volume. As the one is ~6 cubic
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centimeters, and the total energy deposited inlanwe® by Ohmic losses calculated to be ~682
Joules the temperature gain could be majoretted as

Q 682
0 —6
oV, 0510°6010°w4A00°

AT [ Us0°K .

Direct calculations show, that maximal temperattise is somewhere around °R0in scenario
when the walls are kept at a fixed temperature.

So the effect omagnetan liquid Lithium helps in cooling the volume. By&ping the temperature
of the walls just above the melting point, situatiwith cooling could be relaxed further.

One can consider even more radical scenario, Wieehithium is melted by the electric pulse itself,
while between pulses it remains in dual hard amaidi phase.

SUMMARY

Lithium lens consideration, which includes magreydrodynamics in absence of beam, indicates
interesting phenomena in liquid Lithium lens whiteagnetic pressure is acting to the flow. In
particular, we discovered vortex circulation ofuiid Lithium due to magnetic force. This effect of
magnetohelps in drastic reduction of temperature in c@ntegion of windows, thanks to forced
mixing. Presence of buffer toroid-like volumeslesirable for this process.

Motion of Lithium in system is deeply turbulemthich makes modeling extremely difficult, with
some stabilizing mechanisms and tuning modelsttetion could be found even for Re~5000.

Calculated pressure and temperature profilessange optimization confirm that parameters of
lens are technically reasonable. Generally, thepezature rise is below 5 coming to a total of
~100°C with beam as the beam duty of train is ~1 msedesis than the time when feeding current
applied (and when effective convectional mixingchemism is in action) .

We recommend increase of length of space oedupy Lithium (in direction along the beam
pass) to ~m(from~0.6cm in [1]). This brings reduction of cuntéo ~70 kA.

We also slightly modified the configuration johction between Lithium cylindrical container
and the buffer toroid-like volume. This improveddarity of integrated field as function of
transverse coordinate.

In following publications we will represent tlheam action to the processes; all computer code
preparations are done for this. Saying ahead, #ankirain deposited rise of temperature stays
below 100 degrees in mostly critical locations @nte window). Very short beam pulse introduces
new phenomena in the process, however.

Numerical code developed allows further invettmn of Lithium lens dynamics and easy
modification of geometry. Mostly time was spent eleyping proper boundary conditions.

Stress-strain in windows, Shock waves and Ciwits introduced by the beam will be described
in separate publication. Saying ahead we expresgasce that there are no apparent limitations for
usage of lens with liquid Lithium for positron proation busyness.

Usage of FlexPDE computer code looks more @& dglequate here as there are no visible nuances;
although at some stage the usage of more advanded ¢such as ANSYS) may be necessary. Best
test for liquid Lithium lens remains the full fabaition of lens with power supply and a live test.

Work supported by DOE grant DE-AC02-98CH10886
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