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MARK 41 LITHIUM DAMAGE ANALYSIS

INTRODUCTION

Mark-31 assemblies in an E/D charge to upgrade the inventory of 2

S8

The Mark-41 assembly currently under developmentl is a coaxial
tubular Pan/lithium assembly designed to replace & portion of the

42py .

Classified by: iZZdE;;}ﬂip zr"j
H. E. H}ﬁgdkigipervisor
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Transient safety analyses of this charge, require a knowledge of the
extent of -‘absorber removal by melting inltieted by loss of flow or
flow instability. This memorandum presents the results of an analysis
of damage to the Mark-41 lithium tube during translents caused by loss
of flow and indicates no consideration need be given to loss of Mark
41 assemblies provided assembly power is at least 28% of original.
Exposures beyond this point will require additional analyses or design
modifications.

' SUMMARY

Damédge to the lithium tube during a transient assembly meltdown
1s dependent upon the relative power of the Pu0, and L1 tubes at the
tine of transient initiation. At low exposure gduring the first few
subcycles), no damage to the lithium 1s expected because melting of the
relatively+<high-powered Pu0, tube and channel reflooding occurs before
the 1lithiufi tube temperatures become high enough to cause melting.

. However, at high exposures, significant damage to the lithium tube 1is
... e¥pected because the power of Pul, and lithium tubes 1s nearly egual
"and both tubes will melt at nearly the same rate.

DISCUSSION

The analysis of damage to the Mark 41 assembly is based on the
followlng sequence of events:

1) Total blockage of the asgembly inlet occurs,

2) Heat generated in the Pu0, and lithium tubes boils coolant until.
channels become completely volded, . :

3) Pul, and Li-Al tubes adiebatically heat at a rate dependent on
the fisslon and gamma heat produced in the tubes,

4) Adiabatic heating continues until the PuCz; tube completely melts
{The lithium tube may or may not melt during this period),

5) The assembly starts reflooding with coolant through the bottam
end fitting after all of the Pud, tube melts, and

6) Steady state reflux cooling occurs when all of the stored thermal -
energy within the unmelted portion of the assembly has been
removed . "

Adlabatlc heatlng and melting calculations were made using the
AMELT code developed earlier for parametric melting studies. This
code 1s brilefly described in the Appendix. Assembly reflooding calcu-
lations were made on the basis of heat removal rates by reflux cooling,
i.e., vaporization of coolant within the assembly channels and subsequent
condensation on internal USH surfaces above the core elevation. This
cooling mechanism 1s conservatively calculated to remove about 340 kw
of assembly heat.
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Damage to the lithium tube was evaluated by calculating the extent
of lithlum melting which occurred in the total time required to
completely melt the PuQO, tube plus the time to reflood the assembly
and establish reflux cooling. Both of these time periods are dependent
on the power produced in the Pu0, tube which decreases with exposure.
The lithium tube power remains relatively constant with exposure.

Gamma heating represents a significant fraction of the assembly heat
and was evaluated from data glven in reference 2.

The time required for assembly reflooding is shown in Figure 1
as a function of the percent of assembly power produced in the Pu0O,
tube. Time to reflood increases with exposure (decreasing PuO, power)
because the time required to completely melt the Pu0O, tube increases
with a concomitant increase in the stored thermal energy in the lithium
tube which must be removed during reflooding.

The calculated temperature history of the PuO, and lithium tubes
is shown Iin Figure 2 at a point early in the exposure of the assembly
vwhere the Pu0, tube 1s generating about 92 percent of the total
assembly heat. The upper graph in the figure 1ndicates that Pu0,
temperatures are calculated to increase linearly for approximately 5
seconds, initlal melting occurs at 8 seconds, and complete melting in
13.2 seconds. The lower graph indicates that the maximum temperature
of the lithium tube 13.2 seconds after loss of flow is about 350°C. At
thls point reflooding occurs, and lithium tube temperatures decrease
in about 4.5 seconds to the pre-incident temperature of 120°C: with no
damage to the tube.

Figure 3 shows the calculated temperature of the assembly tubes
during melting at the end of the planned exposure. The PuO, tube 1is
generating about 66% of the total assembly power at this exposure.
The upper graph shows that approximately 77 seconds is required to
completely melt’ the Pu0, tube based on the previously stated model.
The corresponding damage to the lithium tube at this time is about 90
percent and reflooding will not occur in time to prevent complete
melting.

Figure 4 summarizes the results of lithium damage calculations
made for the range of exposure of the Mark 41 assembly expressed as a
percent of assembly power in the PuO, tube. As can be seen, no lithium
damage occurs for a loss of flow incident at assembly. exposures where
the PuO, power is greater than 81.5 percent of the assembly total.

A + w nocambhlar metinw Aamiadirn T and b AL B L3 o
This corresponds to an assembly power egquivalent to 20% of lnitial power.

At greater exposure where the Pu0, power percentage 1s below thils value,
lithium damage increases, ultimately reachlng total damage before the
planned end of assembly exposure.

Damage to the lithium tube initiated by a flow instability is
expected to be significantly less than the estimated damage due to a
loss of flow, First of all, an adverse flow instability would most
likely occur when the assembly has the highest heat generation to
flow ratio. This occurs at the beginning of exposure where no lithium
damage is expected 1f melting occurs. At greater exposures, propagation
of flow instability becomes less likely because total assembly power
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is reduced. Secondly, some heat is removed from the assembly during
flow decay and steam flow conditions. This heat removal is eXpected
to account for most, if not all, of the heat generated by the assembly
at the end of exposure where lithium tube melting for a total loss

of flow is8 the most severe. Finally, because of the larger pressure
in the plenum than In the tank, the flow recovery time for a flow
instability 1s considerably faster than the reflood times for a loss
of flow which will limlt lithium tube damage if melting occurs.

Alternatives exist in the design and operation of the Mark 41
assembly which can be used to reduce damage to the lithium tube.
The capaclity for stored thermal energy in the lithium tube can be
increased by increasing the cross -sectional area of the tube. This
effectively reduces the ultimate tube temperature at the point of
reflooding. Preliminary celculations for 1.5 inch inner diameter
lithium tube (present I.D. is 1.995 inches) indieate that 1lithium
melting will not occur during a loss of flow incident until the Pul,
tube is generating only 71 percent of the total assembly heats A 1. 0
inch inner diameter tube 1is calculated not to melt at any point in the
planned exposure.

Accident analysis calculations are planned to determine 1f damage
to the lithium tubes will have an adverse affect on an unscrammed
transient. These calculations will indicate whether or not additional
alternatives have to be explored.
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APPENDIX

The assembly melting code AMELT calculates the transient
temperature, melting profiles and molten material transport within
tubular assemblies for either cosine or saddle power shapes normalized

to any desired amplitude.

back of this appendix.

_DPST-Th~ 449

A listing of the code 18 provided in the

The basic equations used in the code are the finite difference
form of the following equations:

8(x)
Q(x)

i

n

3 A{T _ _ o Z =M
PR St = W -QW TeT&T
At = sw0- el T=T"

44T , m
PCP at - SX) - A W) T>T

metal temperature, T*
melt fraction, 0 <Y <1
thermodynamic reference temperature, T

melting temperature of metal, T

metal heat capacity, Q/MT (solid and liquid)
heat of fusion, Q/M

time, ¢

axlial elevation, L

axlal radiolitic heat source function, Q/L'

axial volumetric heat loss from surface heat
transfer, Q/L%t

* Units are shown in generalized form and any consistent set of
may be employed. Co

L - e
I

—
N

(3)

units




P~

J. M. BOSWELL “ : DPST-74 -449
-10-~

.The axial radiolitic heat source function is given by:

| : _ 4
SCX) "'V" =N L/2L_-XI.
| ¥5zm)
Baddle power shape: -
4 2 ‘I'-
B4 2RDL X=X, -L +--J(5)
500 = 3 + (L + :E ) LS(R_\)) 2x T2
| BOXE

]

where, overall assembly power, Q/t

= overall volume of assembly, L%

P

v

R = peak to minimum ratio

L = assembly core length, L
X

= assembly elevation, -L/2 < x < L/p

bN
i

elevation corresponding to saddle peak, L

XL = assembly length extrapolated to power = zero, L

Molten material was assured to adhere to the tubes until accelerated
into the coolant channels as calculated by the following particle
transport expression: .

%%E-_.o.en %DL\Q AR +4 (e)

where, Vp = particle velocity, L/t
Vg = ateam velocity, L/t
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gravitational constant, L/T?

density of steam and particle, M/L®
particle diameter, L

SECRET
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oV 71 ) : ’ - . 0S/360 FORTRAN H

MR TLER OPTIONS - MAME= MAIAN,CPT=00,LINECNY=5R,SIZE=0000K,

SPDURCE,EBCDIC yNCLIST o MNODECK 4L CAD W NAPZNCEDITHICy» XREF
DIMENSICGN EI125),Y U125} TUI2E )+ AT (45),PL225), 1501280, VvI12E)
DIMENSION FMILI25) JMAT{LIZ2E) ZyRATILIZ2E) L4521 AT(125]),RATEL4D0)
% READ NC CF ASSEMBLY TUBES
READ(E ,5000) AT
5000 FARMAT(13)
DD 1000 IT=1,NT
KC=0
MLAST=49
#% REAC ASSEMBLY TUBE INFORVATICN
READ(S5+5010) TSHyHyEXH e XP¢PWR R yPEAKWEOLCyBUFUS,TI,THM
REAC(5,5015) PS1Z,PDEMsSTOsSVEL DT +AWGT
5010 FCRMAT{I3,11F5.1)
5015 FORMAT{AFE, 1)
w% SETUE INITIAL VALUES
IPRIAT=0
TIME=0.0
VCLI=VTLC
Wh=H
N2=120
ZN=120.
IHU=HU /2N
ITFRUS=FUS/ZN
ZUGT=AWGT /N
= CAVCULATE INMITIAL ELEVATICNS
X=x/1n1
E{l)2X/2.C0+{EXR=-H}/2.0
Y{l}=EC(1l}
DC 20 T1=2,NZ
E(I)=ELlT-1)+X
20 yUliy=gl1)
- %% CALCULATE INITIAL TEMNFERATURES
DO 40 T=1.NZ
RAT(1i=T1
40 T(1)=T1

AVS TEMOC
AVL TEMPS

DO 50 J=
MLEY =3
50 1aT{J)=TI

140

INITIAL MELT, VELOCITY, MELT FRACTICN
PO €0 I=1,0Z
istii=1 -
vil)=0.0
£0 FM(1)=0.0 ,
INITIAZL IZE MATERIAL ACCOUNT
DO 70 J=1.NZ

70 MAT(J)=1
FRINTOUT AT TIME =0 .
WRITELE,6C1C)CWR Ry PSTZyFCENSSVEL
WRITE(E,y€D11)
GDI0 FOEMATUIHI (LN, "P=t, F5.,3,9{1.04",F%.2,'%DT) PART DIA="',F&,3,
VIN. PART SPGR=',F5.1,* STEAVN VEL=',F6.1,'FT/S5EC'/)
6011 FOPMAT(LIHO 45X 'TIME = C.CO*) ' .

WRITE(E£,€32100T14T{1),1=21,40,2)

——————————

1.1
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WRITELS,6C022¥(1ATI1),1=2440,2)

MZ=Q

MTEF=0

CONTINCGE

TIME=T IME+DT

PWR=FWR*{1,0+R%DT}

#% TRANSIENT STATE COF ASSEMBLY .

TEST FOR DNECREE OF MELTING

1F(MTEF.GELL1T7) GCL T1C 940

%% CALCULATE INITIAL AXIAL SEGMENT PCWEFR

GO TD {(80,100),15F

COSINE PROFILE
CON=PWR/(2,0*%SIN(3.1416¥H/(2.C*EXF) )}

SUMP=0.0

DG 90 I=1,NZ

X1=F{I})=X/2 .0

X2=r{1)+X/2.0
TERMI=SIN(3.14616%(2.08X2=EXHY /{2, C¥EXH) )
TERM2=SINI(3,1416%(2.0%X1~EXEY/ {2.0%EXH))
PULI)=LON®{ TERMLI-TERM2)

SUMO=SUNMP 4P (1)

GO TG 120

SADDLE FROFILE
Cl=XP*XF*H+k**3*(ﬁEAK—l.Ol/é.c-k**ﬁ*(PEAK—l.D}/(SO.G*XP*XP)
SUMP=0.0

no 110 1=1,NZ

X1=E(1)=X/2.0-H/2 .0

K2=E(1)Y+X/2.0-K/2.0

Ti={X2~-X11}/H+

T2=2.0%(PELK-1.C)/C1
TaxHxtgx| X2-X1) 70160, CEXFRAR)

T4=pFkHE[X2=x1)/12.0

TE={X2%xx3=X1%%3}/3.0

To={ X2¥5E-X12%S) /{LC, S xP*XP)
DELP=T1+4+T2*%{T3=-T44T7E~-T%)

PLI)}=RELP%PWE

SUMP=SUNMP+P (T}

SUBMERCED ASSEMBLY POWER

SAP=SUMP* WL /H

#% CALCULATE BLOWDOWN COF COCLANT IN ASSEMEBLY CH&NNELS
IF(VCLC LEL1.,0F=5) GC TC 150
WOLC=YOLC~-SAPR0T* 132, €3

IF{VGLC-LTOOQO) VCLC=0.0

WLaVOLOEH/VOLT

NOW HAVE WETTEFD LENGTH CF ASSEMBLY

ASSEMPLY FLEVATIGNS ABROVE THIS WETTED ELEVATICN ARE ASSUMED TO
EDIARATICALLY HEAT~-—ASSENBLY HEAT EELCW THIS ELEVATICKN wWILL GO
TN FUKTHEFR VAPORIZE REMAINING COCCLANTY IN CHANMNMELS
1S(1},y INCEX CF ASSENBLY STATUS IS AS FOLLDOwS

IS{1)=1 METAL IS IN CLATACT WITH CCOCLARNT
tS([)=2 SOLID RELOW MP NOT IN CONTACT wITR CCOLANT
IS(I)=3 SOLID AT MELTING PCLINT

IS{IY=4 LIQUID AT CF ABOVE MP

CONT INUE

DO 1€C 1=14A2Z

IF(IS(T ). ER. L aNDLECT) GELWL) IS(T}=2
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10
10.
10.
10.
i0.
1C.
ic.
1i.
il.
il.
1.1.
11.
11.
1i.
11.
i2.
12'
12‘

12.

12.
124
13.,
i3..
13.

13..
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13.
13.
12,
14.
l4.
14,
140
‘I’.
14,
14.
14,
15!
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176

175

180

210

229

230

240
250

COoONTIMIE

KC=r({+1

CALCULATE TRANSIENT TENMFS
CC 183 I=1,M7

J=Is{1)
GO TO (180416543175 4155) 4
TETI=TLI 4P 1 }2DT /ZHC
ITFCIS(1).CT.3)Y GO TC 180
CO TO 180

I15¢11=3

FP=(T{T }=TMI*2ZHL/DT
FMUI)=FM{I)+FExLT/ZFLIS
T{Il=T¥

CO *C 1890
FM{TIY=FENM[T)+P{ T }XCT/ZFUS
IFIFMIT)WLTeleC) GO T 18O
IS(ii=4

CONTINUE

CALCULATE AVG TEMFS

N=0 .

N3 2090 Jzl ¢y M7, %

IV
B.=0ix |

“14-

ATIMI=LTIOI4T{3+1)+T{J+2))/3.0

CALCULATE VELGCITIES (F MELTED ZOANES

CTAF=RST7/12.
PFIC=0DLEL%62 .0
Do 210 E=l4M2
IFCIS(I)AEL4) CO) T 210

ACC=0.3T5%STRS{SVEL=-NV{T )} ==2/{PTR*TILF)432.2

VIII=V T+ 40C=DT
COMTINUE

CAlCULATE ELEVATICNG

no 220 Jd=140M2
TFCISOJGNEL4) GO T 2239
E(JI=E00)=-V ()07

ITFIEL . LT.0.03E(0Y=0.0
CONTINUFR

POSATE MATERIAL FOIT

DO 23C 1=1,NZ
EAT(T1)=9.0

MAT(I =0 |

D8 250 1=1,N2

CO 240 J=1.,MN7Z
EDIF=ARSUELTI=Y(J)])
TR(EDIF.GT.X )} GC 7o 240
MBT (JI=MAT(J)+]
CAT(S) = ATOI)+T (1)

GO TG 220

CONTINUE

CLMTINLE

KNT=0

0O 280 T=1+0MZ,3
KNT=KNTH+1

57=0.0

DPST-74 445
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15,
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15.¢
15.¢
15.°
15.1
1&..
1€,
1641
1é&.¢
l1&.!
i6.¢
1&.°
16.¢
1741
17.:

17"

17.¢
174¢
17.¢
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17 .8
1841
18,
18.:
18.4
18.¢
18:{7
187
18 5
15.1
19.2
15.3
1S4
15. %
1.6
16.7
i5.8
2041
20-2
20,3
20. 4
2D.%
20.¢
2C. 1
20.%2
21,1
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21.4
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21.56
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KL=J~1
IF{MAT(T+KL)LEC,Q¥G2 TO 270
= CT+FPATU{I+KLY/MATEIHKL }

T 280

270 AV=AV-1.0

260 CONTINLE
TR{AVLENWD.ONGD TO 290
AT{UNTY=3T/ AV
GO TG 230

290 ATIXANT)I=D.0 ~

2R0 CCNTINUE

K="
LANE N

D0 300 I=1,WZ,3
KK=K¥K+]

300 MLAKK )I=VAT (DI +MATLTI+L)I+MAT(I+Z)
“TEF=0
MZL=0
BT 3220 I=1,M1
TF(ELTI) e EQ Q. OIVTEF=MTEF+]L

229 CONTIMUE

M7 =20
A SR ¥

NG 340 [=14NZ
TF{IS{I)NEW&) GO TO 24Q
TF{MZL,.EC,0)VMIL=1
SFELYE D!
340 CONTINUE
MZH=NMZL+MT
TF{MTEF.EN,2)THEL T=TINME
} WRITF UG, 8050 T IME M7 M IL JMZHYNTEF, SUNPyWL
6050 FORMAT(IHQ+S X' TINE = * ,FEa2+5X+15, LAYERS MELTEC EETWEEN', 5,
LN, I5,2X, 15, IN E“DFITTING' ‘Xl'pCWER=',F7-2y
2t WETTED LENGTR=',FCL1)
WRITE(E,ED2NLISIT)I224NZy3)
WEITE(L,6020¥(¥L{T)yI=1,40)
6020 FLRMET(IING,S5%X,2013)
NG 36) J=144C
360 TATU(JY=AT (J)

D) -

<) LN

WPTTE (6,202 1Y LTATIT),1=1,40,2)
WRITE(E, 6022 1(IATCI),122,40,2)

6021 FCPMAT(1H0,3X,201¢)
£022 FOEMATLIHQOsEX,2C1¢)
MLAST=MTEF
G TG G989
@09 CONTINUE
TFIN=KCEDT
10C0 CONTINUE
STAP

C Ay
L=y v

22-
22
22.
22
22
22.
22.
22.
230
23,
23‘
23.
23,
23.
23,
24.
24.
24,
24,
24 .
245
244
24-
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25.
5.
2%.
25&
2%,
25.
25,
26.
26‘
26.
26.
26.
2&-
26.
26
217.
27.
21'
27
217.
27.
27.
27.1
28. .
28.:
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