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Outline

Objectives for Thermal Model

*Predictive model for surface temperature versus
heat load and shot time

= Extract information on porous layer of
flame-sprayed Mo with infiltrated Li

1.thermal conductance and
2.emissivity of surface

Thermal Model and Results

=Initial work on LLD (heaters and gas cooling)
*Newer work (no pre-heat, Li evaporation)

Planned experiments at Purdue University

=Measure emissivity of Li surface and surface
chemistry simultaneously using PRHISM
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Objectives for Thermal Model

*Predictive model for T ,+,ce VS heat load and shot.time
(subsequent viewgraphs)
=Information on-porous layer of flame-sprayed Mo with Li

1.thermal conductance and | Relate modeling results to IR
2-emissivity of surface and TC data during operation

LLD plates (4)
./ after installation

V3-09-25

LLD surface cross
section: plasma
sprayed porous Mo
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~~~ABAQUS thermal model for LLD “half cell”

rail on fixture

We use ABAQUS, a general purpose
finite element code, for our 3-D model. | Wsscm"“gt“be =
We analyze a “half cell” of the LLD,
and calculate temperatures over time. b /f

The shape comes directly from the
CAD model for fabricating the plates

bottom of LLD plate held on
fixture

o | solid angle
A “unit cell” contains one (of 8) of the hg|f

electrical heaters in an LLD plate. unit cell

The half cell is divided on a mirror
symmetry plane through the heater.

mesh viewed from
right and left sides
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SOL profile is important
because “Tail” pre-heats Li
ahead of strike point.

-
“+EARLY THERMAL MODEL

Strike point profile
(outer div.).
“Wings” are important "
in sweeping. o
Strike point on LLD
swept stationary
Initial Sweeping Study

(old design)

» 200W heater, 25 min.

» T-start 475 K.

* 500 mm/s “sweep”

* 5 ms heat, 2.5mm zones
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* 43 s across entire area.

4Mw,cooling, § second

ODB: EllisFlux-4Mw-ThreeSecond.odb  Abagus/Standard Version 6.7-1  Tue Aug 19 17:30
Step: STKRT

Increment  32: Step Time = 1,007

Primary Yar: NT11

Deformed Var: not set  Deformation Scale Factor: not set

4Mw,cooling, 5 secand
ODB: EllisFlux-4Mw-ThreeSecond.odb  Abaqus/Standard Yersion 6.7-1  Tue Aug 19 17:30

nnnnnnnn 36: Step Time = 1.610
Primary var: NT11
Deformed Var: not set  Deformation Scale Factor: not set

4Mw,cooling, 5 second
0ODB: EllisFlux-4Miw-ThreeSecond.odb  Abagus/Standard Yersion 6.7-1  Tue Aug 19 17:30

nnnnnnnn
Primary var: NT11
Deformed var not set  Defarmation Scale Factor: not set

ime = 3.000

strike
point
heating
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“~EARLY THERMAL MODEL
& RESULTS

= |[nitial tests on Mo mesh

= heater failure
Cases not presented here

= inboard of LLD
- pumps the outer SOL*

= outboard of LLD
- pumps private flux region*

Sandia initially studied a CVD
Mo-coated pyrolyzed C mesh
as a Li reservoir for the LLD.

The thermal conductivity of
the mesh was unknown.

* longer shot times with strike point off the LLD 520 -
thermal history

0s heaterson

420 3 heaters so0. - 900 heateI’S Off

1140 shot (3s)

485s 1143 shot over

Temperature

0

N

No middle
heater
800 s

~10C

cooling

Range among curves is ~25 C,
— hottest was closest to heater.

[

420 %

1.00
Time

Heat to ~480K, electrical heaters operated at Sanda
400 W each National
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RE Nygren, Sandia National Laboratories



sExample of ABAQUS plots of LLD “half cell”

NT11

Possible conditions in model:
* heating from the plasma

* heating
- electrical heaters or hot gas
* continuous cooling

- nitrogen flow in the tube
(before, during and after shots)

Case: Heating of plate, N2 cooling
» Mo properties for Li/Moly layer

* Initial temperature 22°C

* 400W applied to heater surface

« 0.029W/cm?K film coefficient
and 22°C sink temperature for
cooling tube.
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Sample of Results for R63cm 1MW/ m?2

= strike point at 63 cm (near LLD’s inner edge)
= preheating with electrical heaters
= no gas cooling (included in other analyses)

= heating from heater(s) set by trial and
error based on TC measurements

= plasma heating from 4800 to 4804 s

325 i I T
R630 1MW/m2 Preheat
— 4800s

— \\ — 4800.5s
2 320 4801.25s
g 4802.25s
B — 4804s
B \ ., —_—]
Q L e
£ il
& 31— outer edge 215 |

310

0 50 100 150 200
inner edge

distance from inner edge (mm)

Poloidal distribution of temperature on the surface
of the LLD model at several times during the 4-s shot.
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temperature

325 | | |
/\ R630 1TMW/m2 Preheat
o \ \
% 315 — HOR_LI_TOP —
= — HOR_LI_MO_TOP
— HOR_SS_TOP
— HOR_CU_TOP
310
4800 4805 4810 4815 4820 4825 4830
time (s)
350 I I ]
300 1— R630 1TMW/m2 Preheat (BN
250
200
150
——HOR_LI_TOP
100 ——HOR_LI_ MO_TOP|—
——HOR_SS_TOP
50 —HOR CU_TOP [
0 y
0 1000 2000 3000 4000 5000 6000

time (s)

/
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““~aSample of Results for R75cm 20MW/m?

: . 840
= strike point at 75 cm 8314 —T—— ‘
(near mlddle Of LLD) 820 826.8 /| ———HOR_LI|_TOP -
" preheating with 820.9 —ggi-g'S-MT%-JOP
electrlca! heaters 800 N —HOR oU TOP
= gas cooling 280
= plasma shot of 0.1s A =119
(4800 to 4800.1 s) X 260
650 o
L )
S 740
(]
L o
600 | E 720 ——7122
« [
o preheat 700 /™
%550 i e ;= 0.2 / \ \
) 680 AN
S / “\
EJ i ——HOR_LI_TOP 660 '
500 ——HOR_LI_MO_TOP
——=HOR_SS_TOP 640
[ —HOR_CU_TOP 4799.8 4800.0. 4800.2 4800.4
450 . : . : time (s) _
0 1000 2000 3000 4000 In 0.1s at 10MW/m? copper heats slightly,
time (s) but Li surface is almost 120 higher.
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LLD plate heating during XP1041-A

College W&M

Colorado Sch Mines M.A. Jaworski (PPPL), et al. Culham Sdl G

Cokms U St. Andrews
York U
Chubu U
Fukui U
Hiroshima U

Hyogo U
Kyoto U
Kyushu U

03 E
Segment mass flux —— Kyushu Tokai U

LLD plates mass loss Niigata U

* Same parameters utilized 0% = - i
for this simulation, except 02 2
start] erature

Evaporative cooling

significant vos w UU 05
.l e

— Prevents straight linear

. . 0 o2 04 06 08 1 12
adjustment of previous Time 5]
temperature solution soaaz vaying dphs

139402 varying alpha
— Total mass loss from all four
LLD plates is about 2.3mg
* May be pessimistic if a
liquid lithium layer is
present (alpha = 1)

loffe Inst
RRC Kurchatov Inst

0,15 ‘ 15 Lol

Segment mass flux [mg/s]
Integral mass loss [ma]

=

(kﬂl\f%ll“ﬂu‘:l'wf Iaj\\-."ﬁi

} o " I'\"--..

Temperature [C]
g 8 8 § 8 8

g

(=1

0 0.2 0.4 0.5 0.8 1 1.2
Time [s]
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Evaporative cooling in our model

=
o
|
!

Evaporation of Li is a quantity
of interest. We include the
cooling effect of evaporation
in the model.

We calculate the integrated
amount of lithium evaporated
separately in post-processing
based on the evolution over
time of the temperature . .
across the face of the LLD. 500 600 700 800 900 1000 1100

temperature, K

evaporative cooling, W/mm?2
R N W b~ O O N 00 ©
|

o

Cooling (W/mm?) = 595.7 * [107(8-8143/T] /SQRT(6.941*T)

Based on the expression for vapor pressure of 3.5E22 * [10"(8-8143/T]

from Jensson et al. (old HEDL Report) and the equation below.
P(Torr)

Jmasx[a-u-)f

Evaporation I'evep (atoms/em®-s) = 3.5x10%
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; Sample of Results for R75cm 10MW/m?2

900
' 875.0
: 870.2
800 1 863.8
200 | 737.2

N4 I
) 600 |
E : —=m
© i 560.5, 574.2
0 500
> B
e B // ———HOR_LI_TOP
g 400 - ——HOR_LI_MO_TOP
/ ~——HOR_SS_TOP
I ——HOR_CU_TOP
300 7 _ HOR_CU_BOT
R 75cm g" 10 MW/m2 no preheat, no cooling  --__ asqry)
200 +——
4800 4801 4802 4803 4804 4805 4806 4807

time, s

In 5s at 10 MW/m? heat penetrates rapidly into top of Cu plate, and after
~0.5s to the back of the plate. Li surface is over 140° higher than the Cu.

Heating does not follow C*SQRT (time) but is close to the linear pattern for
heating of a solid plate after the heat reaches the back. However, the roll
away from linear (red line) may indicate evaporation. We need further

analysis of the model. Natona
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Can the cooling cycle provide information?

« 4 Toroidal 90° segments separated
by graphite Diagnostic Tiles

« Each copper subsirate segment
is clad with a thin stainless steel
barrier with a front face of porus
flame sprayed Mo

Behind the LLD are rails that support
the passive pates and the vessel wall.

The LLD radiates from the back and
top and conducts heat through its GRAPHITE
support stem and the walls of the gas DIAGNOSTIC
cooling tubes. TILES

Sandia
National
Laboratories

RE Nygren, Sandia National Laboratories



"Radiation Exchange between two infinite plates

whereT; > T,

Radiation, two infinite plates, solve as follows:

q,/A; = -q,/A, where q’s are net radiant energy leaving, also received irradiation G, equals the
radiosity J, of the other and vice versa.

Also, for a surface J =E + pG and p = 1-a for an opaque surface, and for a gray diffuse surface
o, = €, and on gets for each surface:

J,=¢E,; +(1-¢;)G; and J, = &,E,, + (1-¢,)G, ; since G,=J,, these may be solved for J, and G;
J; = [g4Ep; + (1-€)&,E,,1/[1-(1-€,)(1-¢,)]
G, = [&,E,, + (1-€,)e,E,,1/[1-(1-€,)(1-¢,)] ; then from the 1st equation, q,/A; =-q,/A,, we get
a/A=[E,, - E,)/[1/e, + 1/e, -1] = o (T4 =T,%)/[1/e, + 1/¢, -1]

So, if we apply this separately to the front and back surfaces, but also assume that the tiles
and the mounting structure behind the LLD are the same, then we have two the loss channels
for both faces

r._Iosstop = Atop G (TLLD4 - TV4)/[1/8Li + 1/8Tiles _1]
r-10sSpor = Apot O (Tuo® = Ty*)/[1/¢, + 1/€ss-1]

r-total = o (T, % — T\%) {A,o/[1/€; + 1/Eges -1] + Apoe/ [1/Ec, + 1/E5-11}

RE Nygren 26apr2010 note from Heat Transfer, Alan Chapman 4% Ed.
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TCs during long cooling of LLD section BK

(1PM on April 8 until after midnight)

300

ldea: Estimate the _
emissivity of the Li N

1

%)

. ||n . o ] N E— bk_tCltr
dominates cooling o iy —— bK_tc2tr
Plot has initial > 200 - TR bk_tc3tr

bk _tc4tr

treatment of slopes. g’ bk _te5tr

T . c — bk _tc6tr
ignals are very 3 -

C. >ignais are very = 150 —— bk_tcT7tr
noisy. Running o — bk_tc8tr
average of 25 3 _

. . (]
points is used here. = 100 B A
.
50 i : D UL
12000 16000 2000 24000 28000 32000/

time (s), from start of cooling
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e
TCs during long cooling of LLD section BK

Initial treatment was encouraging with apparent strong dependence on T4,

0.0450 W
0.0400 185 C

0.0300
0.0250

00200
00150 e
00100 ‘
0.0050
00000 ”
0 2 4 6 g 10
(TM-To¥) * 1E-10

slope (dT/dt)

LLD_BK cooling 4/8-9/2010
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—avEmissivity from which lithiated surface?

Evaporation of Li is a quantity
of interest, but the work
function depends on the
surface chemistry. Often we
do not have pure lithium.

Sandia will collaborate with Purdue University and add an IR camera
and software to PRIHSM to monitor a heated lithium target while JP
Allain and co-workers modify and monitor surface chemistry.
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END

THANK YOU
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R750 10.8 M/m2 e=0.2 evap f-peak X2
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time, s

4801.0 4801.5

>

@

Sandia
National _
Laboratories




