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ABSTRACT

This progress report sununarizes the Argonne National

Laboratory wo rk perfortned during Octobe r, November, and
Decernber 1978 on wate r-reactor-safety problems The fol-

lowing research and development areas are covered: (1) Loss-
of-coolant Accident Research: lleat Transfer and Fluid Dynam-

ics; (2) Transient Fuel Response and Fission-product Relea s e
P rog ra m; and ( 3) Mechanical Properties of Zircaloy Contain-
ing Oxygen.
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1. LOSS-OF-COOLANT ACCIDENT RESEARCH:
HEAT TRANSFER AND FLUID DYNAh11CS

Responsible Section hianagers:

H. F Fauske, R. E. IIenry, and P A . Lotte s , R AS

A. Transient Critical Heat Flux (J . C . hi. Leung and R . E . Hen ry, RAS)

1. Ste 'dy-state CHF in Inlet-peaking Profile

A total of 72 CHF measurements were obtained using Freoa- 11 in

Test Section IV which has an inlet peaking heat flux profile as shown in l'ig.1.1
with a peak-to-average of 1.35. CHF was slowly approached by slowly increas-
ing the test-section power while maintaining constant ' !ct pressure and flow

rate. Considerable inlet throttling was found necessary t< > eliminate the low-
frequency oscillation. and no CHF data reported were induced by flow oscilla-

tion. CHF indications were detected by wall thermocouples and were identified
by either rapid temperature excursion (mostly under high power and hig i
velocity) or oscillation (low power and low velocity) of the wall. In all cases ,
CHF was observed to originate near the exit of the heated tube and not in the

highe s t heat - fhtx zone The data fell within the following experiment ranges:

Pressure, P l.5-2.0 A1Pa

2hias s velocity, G 707-2750 kg/m s

C ritical power. qc 7- 15 kW

Inlet subcooltng, ahin 7.7-40 J / g

Dryout quality, xDO 0.16-0.5

(m)

,
' ,o _ 2 . o_ _ _ __ _ 3 ._o.

!
,

I

,.5;

- Ci.35
| AvERAG D 7

1.t6 -- s i.15 / y1g, j,7

1.0 -- - -- - - - #- -

g . g, with Inlet-skew ed lf cat-

A E flui it) file. ANI "CC 'D- I -Id-102 3--

d 0. 81 0 80-

a
?

O.5
1

l

i
O -

'

O 2.0 4.0 6.0 8.0 10.0

hL u ,[AXIAL LENGTH (ft)



2

In a pre viou; s tudy,! the CISE Freon cor relation # (hereon designed
as CISE-CNEN cor relation) was found to predict CIIF very well in a uniforrnly

heated round tuoe, yieldinc a mean errer of 0.5% and an rnis error of only
3 . t'3 % . This c o rrelation ha s the fortn

t 11y - A - Bx in (!)

whe re

A fn(G. I> . D , L),

B fn(G. l> . D . L) ,

and

xin niet quality.

Note that the c ritical heat flux increases linearly wah inlet sub-

c oolin e . Il< >we ve r, Eq. I can also be written in te rms of the exit quality xout
with the use of the ene rc y equation,

4L
xn. (2)-

+

x < :u' t - GDh i
f,

IIence Eq. I becomes, after s ub s titu tion ,

-CIIF intt- (3)C - Dx

vhere

C fn(G, I> D. L)

and

D fn(G. I) . D, L).

IIere the c ritical heat fb x dec reases .vith exit quality. Thes e two

fo r n is of c o r rela tic ,n de s c r ibeci a bo . e will, of cou r s e , g ive the same answer
then u.s e 1 fo r pr edic tina ClIF f,, uniform heut flux. Ilowe ve r, if they a re ap-

plied to nonunifo rm hea t - flux c ondition s , differ nt values of ;ggiy vil! be ob-
ta ned A niunbe: of hypothes es have been proposed to predict CIIF in the

n. nunif< rm axial heat-fl :x cas e. Fou r sut h hy potheses that have been tested

usine the pre aent data art outlined briefly below.

. he 'I ota L (Ove rall)- powe r Ily p. t he s is 'a

i bis hy p > thesis sug aests that the t d a l povce r t ha t c an be fed
to the t ;he cit', n. .n nifi> rm heatine will be t he n ne as for a uniforml, heated

49 008
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tube of the same diameter D and length L, and with the same inlet conditions.
Hence the critical power qc is given by

9c - -D L:CIIF ' (4)

where cCIIF is the critical heat flux predicted using Eq.1. IIere no prediction
of the location of the critical conditions is made with this method.

3b. The Local-conditions IIypothesis

This hypothesis suggests that CIIF occurs in the channel where

the unique local heat flux / local quality relatic>nship (i.e., Eq. 3) is first satis-
fied. It can be employed in the following two ways:

(1) Use the measured power in the heat balance to c alculate
the local quality, which is subsequently used to calculate CIIF using Eq. 3.
The heat balance is written as

41z c( z)dzO

x(z) = +XGD in. (5)

This method is most convenient to be adapted in a thermal-hydraulic computer
code, which is used to predict local flow parameters in transient situations.

(2) Assume that the test section power is not known, and
therefore we must solve Eqs. 3 and 5 simultaneously. One way is to gradually
mc rease the power u-tii, at some point within the channel, the conditions for
the two equations a: e . utisfied the reby giving the CIIF (or power) and the
c ritical location.

c. The Boiline '.en gth Hypothesis

4Lee an 1 Obertelli reported that CIIF is independent of tube
length for a given exit quality in uniformly heated tubes This implies that the

tube may 'oe divided into two lengths; over the first subcooled length ( A), the
liquid is raised to saturation [x(t) Oj, and over the second length (Lg), the=

quality is raised from zero to the dryout quality. The only function of i is to
heat the incoming fluid up to the saturation condition at the appropriate heat
fl ux . 5 in fact. the CISE correlation # was originally proposed in the functional
for m

aLg
xout =

b& L3

, -, c --

/
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This s iggest s that the dr' out quality is a functhui ef huiliny leng th Iq3, where
t he ups t reant his tory is contained unplicitly. Lahey arul Guns t h z-S ntalo 5

show t hat the Tong - F fac t o r ineth.>d" ui the t uniting ca s e o- maxinuun upst reani
inernory (or influence) reduc es t > the equation

I.ne

i '

J

Ig -

;( z)d z . (7)iu
c

'I In > n n plie s that. , t he equivalent untform CliF, is g iven l>y tht n on un ifo r m
b ea t - f!ux pr > file a ve raged ove r the c ritical boiling length,Iq; One furthe r
inte re sting (d e r va t it in is pointed out in lie f. 5, in t ha t , if E qs 3,5,and 7are

< > n tl)ine d , a 1,r t ri s tInila r t(> Eq . 6 is a r rivc<l a t . In othe r wo rds , the h< >tlitig -
le ngt h hy p' >the 3 is and the c:nptrical methods proposed by Tong" and Silvestri '

are c(p t i va l en '. in t h e L: nu t . Two nic thod s we re us e d t< > c on tpa r e with data :

(1) C onpare the expe runcutal average heat flux q ove r the
i ritical h oline tene th with the heat flux CllF predicted by the CISE
( :. ; E ', t . > r r e la tion .

(2) l'or any CIIF l<, cation (zCIIF I'Bc)' lu edict the*

c rit u al p4 r ce r from t he formula

..yp
( U 14; nj\q -D;g g ii I g in+

c q

.here

I
#

-
( }{['

-(zids
s ' Io)1, '

!* Ic is t hi ra t t< > < > f in t e. r.t l i,< m e r u ps t r ea t n of t h e C IIF 1. u a t t< >n t. , t h e t > ta l
, .t :u! ~ ( c ) 15 the p. a k - t o .t ve ra g e pow e r fa t t< > r l}i>w e ct r , 12}z in t t u l< n i i w n;r> 'c'

a n<l a n init i. l c ue s s has : he niade Onceq is c alcula ted i roni I .q . 3,, an
updated 4 alue f. , r L q 1e s< >lv. d fo r by the equa t ir ini

i

^'CIIF-"B / tl< i;l) Ab'
i

__ ;(, g __.__ _in ig
-

"131. , 4

!$'p hilt ^ t e s s ivt' b l .l) s lllti t l a di lile' btsltil't )fl lh 1' 11:l(1 I t ) c1 .Il v e ' s' li t -
' ell}lt'i ({ lilt 'ly tilli lkit' Illtth<ni ciel <lt l>< it :i. < ritit .tl;">w..ri. (:lil 1, t .i t i. ,:i ii s i t*

an ' I t ' r . i t l '. E ' })P.( t- i

,
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d. The Equivalent-length Hypothesis

Lee suggested that an equivalent length Leq can be defined8

at a CHF point such that

1 cq:(zGHF) = /"CHF (z)dz, (1l)
0

where (zCHF) is the local CHF on the nonuniformly heated tube at a distance
zGHF from the inlet. To predict critical power, the CHF correlation is used
to estimate eCHF using the inlet conditions, tube diameter, and the equivalent
length.

eq)/1 (12)( O bq = CHFc

In the actual calculation of Leq, Eq. I 1 is not us ed, since : is
un kn own . Instead we use

czGHF r(z)
dz. (13)L -

f(zGHF)
eq

o

With this method, a direct solution is obtained for critical power and critical
lo c a tion .

Figure 1.2 sun n'arizes the three integral hypotheses graphi-
cally. T he results of the comparison, as shown in Figs.1.3-1.6 give a direct
test of the variout hypotheses:

The total-power hypothesis (a) shows little scatter of data, but
anderpredicts by about 7To in Fig. 3.

The first approach for the local-conditions hypothesis in
F.g.1.4 [b(1)] yields large scatter and poor prediction.

The first approach for the boiling-length hypothesis in Fig.1.5
[c(l)] slightly overpredict the data by about 7%.

The equivalent-length hypothesis (d) shown in Fig.1.6 is able
to predict th data to within -1.0% in overall error and therefore appears to
be the most satisfactory method.

The reason the local condition method appears to predict so
poorly is that, from Eq. 3, CHF is seen to be a strong function of xout; i.e ,

a slight variation in xout results in a large change in CHF. For the present
system, a 10% increase in xout causes a reduction of more than 30% in CCHF'
Howeve:, this is the approach widely taken to predict CHF conditions during a
transient. The accurate prediction of local flow parameters by the thermal-
hydraulic code plays an important role in the subsequent Cl)F5galuation using

4// Ui I
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tht le cal-conditions hypothesis, and as shown by the comparison here, large

e r ror atill prevails . Iloweve r, if the simultaneous solution of the CIIF correla-

tion and the heat balance is so ight [i.e. , in the method outlined in b(2)], much
bette r agreement re sults, as shown in Fig. I.7. IIe re totally different conclu-

sions a re ar rived at, ciepending on how we use the local-conditions hypothesis.
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Finally, the cr"ical power as predicted by the second approach

for the boiling-length hypothesis [c(2)] and the equivalent-length hypothesis
(d) is shown in Figs. I.8 and 1.9, respectively. T he error analysis rentains
essentially unchanged from earlier plots (Figs. I.5 and 1.6). Although the

equivalent-length hypothesis is shown to yield the best result, the conclusion
9is best rnade after analyzing the symmetric stepped heat-flux data and the

exit skewed heat-flux data.

2. T ransient Critical Heat Flux

Transient CHF tests have been cont icted with the skewed inlet

powe r profile shown in Fig. I 1. The results of the high- and low-pressure
te s ts a re shown in Figs .1.10 and 1.11. The low-pressure test (2.21 hiPa) dem-

onstrated rapid CHF in the region from the inlet up to 0.5 m; the times to CHF
a r e shown in Fig .1.10. The high-pressure tes ts (2.76 h1Pa), Fig.1.11, exhibited
early CHF in the bottom 1.A m, which includes the two highest heat-flux zones C
and D.

ns
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As an additional test of the site-deactivation model, another teut

conducted at high oressure (2 72 MPa), but in this test, the dea ctivationw

was not accomplished at the hot standby condition, .e, inlet temperature of

11 FC and system pressure of 2.7) 'v1 Pa . Instead, the initial sys tem pressure

was 2.21 MPa. and the test s ection was brought up to full power and fell flow

at these conditions. This resulted in a wall-temperature profile similar to

that shown in Fig I.10. Under these conditions, the sites were activated for

the test-section locations above 0.5 m.

pressure was then increased up toFollowing this activa + ion, ti -

2.72 MPa in about 15 s, and the system was operated at steady state for about

20 s before blowdown transient was initiated. As can be seen from the times

to CIIF shown in Fig.1.12, this test experiences early CIIF from the test-

section inlet up to about 0.7 m. which i a length considerably less than that

experienced by the other high-pressure test. Since the only difference between
these two high-pressure experiments was the deactivation of the surface cavi-

ties, this set of tests clearly illustrates the impo-tance of such deactiva+ioa

on the extended cooling of the fuel-rod surfaces during the LOCA of an inlet-

pipe ruptu r e
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54 rC Ilowever, the values of a r for these tests were much smaller thane

those tests with approximately the same initial te st- section temperature but
with relatively high inlet average velocities (6.4 and 20 cm/s).

Up to now, all the forced-: A n u.1.2 Expe runentaH y Pete rn uned Va l.a s

a ir. a rr a t. and a r fo r nun s 4 3 - 51 oscillation te st s were pe rfo rmed by usinge

nun e ri ar at ar. the solenoid valve and the wave generator
r

.no <<na (s) und as the flow-control mechanism. This-

system is capable of closing or openinga 2s ao o os 482 e o.37
i, , 83 c. so acu cas the flow passages in relatively short time.
se 31 7s ti sa sci 4 7 10 This fast action created irregular shapes
si i7 n e 13 0. e sw in the flow profiles as measured by the

orifice plates, and it was difficult to de-

ternune the average instantaneous flow over a cycle of oscillation. The present

setup svas modified by using a ball-valve system so that cleaner flow profiles

can be obtained. A schematic of the new system is shown in Fig. I.14.
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The a r rangernent ,hown in Flg. I .11 dit f e r a front pi .,u s a r ra ng e-
m ents ni t vi, r e,pe - t s (1) Two ball valves, driven by a va riable-speed nlotor
in-t e ul of a solenoidal valve and a wave gene rato r cont rol the 11, w to and

I rt'I!! t !1 t' I t's t 5t*t 11:111, ( d ) it n o ri[lC t* })lat e I b pla C ed l)t'lW et'n t le t e 51 S t'C ll t )ll
anfi the hall-valve 3ysteni. ,o that both the forwa rd a nd the reverse tlow are

l I'''t ! !)y t })l d ( P rillc e plate This is dif f e re nt f ri)ni t he previous arrange-illt'th

i: cnt whlt h used two o rifice plate, to nlea,u re the forward and the reverse

: lov re spe c t ivt ly.

'l y[>it al flt m })r()f.lc s 1111de r ( 6 )lfl C ( #!ltllt i t ', li Willliitit }leating 1:}) llle*

t e ;t z. e t t n oi) a re 3hown in icips. 1.15-1.17 at three ditierent t: t quenc tes or

t }1e le [1g11r t's t (1r rt' ,j)t)lMlllip l() Z t ' r()- [[()W C t ill-! [ l a t l r ill 'l' lit' d a Silt *(l [Ille's 1 11( !

t il l U i n . "/ h : i 11 has a rl otit ptit ut 2.5 V trolii the dif fe rential pres sure t ransduc c r.
l e a n t' T t li a ll i ll() s t ' () ht a illt'fl })y 11 s 1111' the s()lt riold v alvel' ! 1 t ' , t * i }(W {)T t)!!1t 3 art' 4
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The orifice plate was calibrated under steady-state conditions in both

the forward and the reverse flow directions. It is important to verify that the

steady- state calibration data can be applied to the oscillatory (transient) con-
ditions in the range of interest of the present reflood tests. To demonstrate

this, we performed cold tests by closing the throttle valve in the revers e flow
line so that there was only flow in the forward direction during the entire test.

Wate r leaving the test section wac collected in the recirculation tank. The

inc rease in the amount of vater in the recirculation tank, divided by the total

number of cycles of oscillation during the test, gives the amount of flow to the

test s ection per c ycle. This number can be used to check the results obtained

by graphically integrating the flow profile using the steady-state calibration

data.

The r e sult s are shown in T A B l.E 1. 3. Compa rison between V and V atm c
'Ihree Frequent les of OscillationTable I.3, where Vm is the mea-

sured increase in the amount of f v V< %m
wate r in the recirculation tank per (Hz) (c m '/ < yc le) (c m'/ c yc le) Dif f eren< e I t.' f r '

cycle, Vc is the calculated volume
2.857 1.149 1.201 4.54 28

flow into the test section per cycl 2
0.990 3.423 3.317 3.22 20

obtained by integrating the flo.v

profile, and M is the time int e rv al 294 I l l >l 11 238 77 54

used in performing the integra-

tion. The last column in Table I.3 indicate 3 the total number of intervals

used in performing th e integration during one cycle of o s c illa t io n.

As sho en in Table 1.3, the maximum error introduced by using the

st eady- s tat e e alibration data is les s than 5%. This error can be reduced by

h2f
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int reasing the ntunbe r of int e rvals us ed in the inte ration of the flow profile,
1 he result s shown in Table I. ] also indicate that there is a sli ht increase in
pe rt e nt a t e er ror as the t requerw v of o sc illation s inc rea s e Ifoweve r, in

the range of interest of the present reflood test s (f 0. 3 to 3.0 IIz), the errors

int roduc ed by usine the st eady- s tat e c alibration f ata are not considered

u g ni fic ant.

Seve ral te st n we re perforined by using the ball-valve syst em with
relatively lov inlet ave rage velocity (~2. 5 cni/ s). The ope ratinp conchtions

f< r thes e tests are slu. vn in Tables 1.4 a nd I. S . wh e r e E r is the opening position
of the th rot tle valve located between the test section and the rec eiving tank Ps

the pres sure of the supply tan P is the pres sure of the receivine tank,is r

the nican vrlo, ity for the forward flow averaged over the half-cycle ofV, ta
.

illation, und V r 1r t he nican velocity fo r the reve rs e flow averag ed o'. e r theost

half-cy< le of osc illation The relation an:ong these ave rage veli > cities is

lV (V.-V r.2-t

i A!;LE i. ();a r at m e Con < htit m s !o r Run s 52-58
l' sinc the lla ll - v a lv e Systern
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m .. :' sus:t. " Figure 1.18 compares the quench
o 2 4 e e o time and axial distance for Runs 52-55. The
, , __ , _ __ 7

| differences in quench time at the same axial' ' '

ec !. -- a. m
~| u so e distance are small (less than 5%). The quench:

iac
f ,] time at a given axial location appears to de-

'

a $4 crease slightly with inc reasing f requency of
* 55 o s c illation. These observations agree witha

"
.

thos.- tests conducted with the solenoid valve

~
-l system for the same inlet average velocity.m __

l
ig

, .. ,

* As shown in Table s 1.4 and 1. 5,t

' Runs 56- 58 we re performed with pres sure in
'

the receiving tank les s than the atmospheric,

7 - - ,i pres sure, this inc reased the mean velocity for
'

the reverse flow as compared io Runs 52- 54n
w

Thus. Runs 56-58 have a velocity rat;o,

| (V r/ V ) nearly twic e that of Runs 52- 54. ev ent

| though they both have approximately the same'

j inlet average velocity to the test s ection (V ).t
Figures 1.17-I.21 compare quencl. times and,; ,

axial distances between Runs 52 and 56.., ; as, ,

53 and 57, and 54 and 58. Inc r e a s in the mag-

Eie 1.15 nitude of the rev er s e flow is seen t o slow down

emah Tt ne vs Axial the quench process slightly. Ilowever. the
difference is again seen to be small in theD.stant e for tw c-. ,

.i .N L - 'o -7->' range of variables tested.
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11. TRANSIENT FUE L RESPONSE AND FISSION-PRODUG .
RE LEASE PROGRAM

Principal Inve stigator s

J. Re st and S. M. Gehl. MSD

A. Introduction and Sununa ry

A physically realistic de sc ription at tuel sv.elling and fis sion-gas re-

lease is needed to aid in predicting the ochavio r ot .elrods and fis sion gase s

unde r ce rtain hypothetical light- wa ter- re ac ti>r (LW 9 ) at cident conditions. To
satisfy this need, a comprehens tve < i u npute r- ba se .och 1. the Ste ady- s tate
and T r insient Ga s- relea se a nd Swelluu Sabroutin (GR ASS-Sb i'), : s being

developed at A rgonne National Labo ra tory ( AN Li. f ut3 model is be ing inc o r -

porated into the Fuel-rod Analysis Proncam (l'R AP) code being developed by
EGeG Idaho. Inc. at the Idaho Natu mal Engineerint La borato ry (INE L).

The analytical effort i .s supported by a data base and c or relations

developed f rom characte: ,, ation of irrad;ated LWR fuel a d t r< co out-of- reactor

transient heat:np te sts o+ ir radiated c onn oe rcial and expe cin:ent al LWR fu

unde r a ranye ot the rmal < ondition s.

Empha s i s in the early stage s of the prograin ha e been on thermal
conditions in pre s surized-wa te -reac to: (PWR) fuel that are applicable t o a nt i< -
1 pated hypothetic al powe r-cooline-nu smatch (PCM) accident s. Re cent e f fort s
include conditions typical ot othe r t ype s 01 hypothe tical ac cide nt s. The pro-

gram is alse developing information on fis sion-ga s release durin steady - state

and . oad-following ope ratior

Rece nt nient fitant expe rimental and analytical advance s at the end ut
tht s qua rte r are sunm.arized below:

1. Quantitative ste rcology measurenie nts have been completed on
four PCM niinulations in the hich-heating-rate se rie s. Iligh heating rate s alte r

the relation ship between fis sion-gas relea se and tran sie nt mic rostruc tural

Change.

2. The replacernent DEH chamber is ~501 < omplete

3. Models desc ribing the evolution of the bubble - size c la., se s in
FASTGRAS5 have been developed and implemented tnto the code Initial runs

fo r steady- state and DEII te st conditions indicate that F AST GR ASS - c al c ulute d
fis sion- ga s re le a se is in reasonable agreement ,vith the expe rime nt al
me a s u re me nt s.

4. Q u a li t a t iv e difference s between the predicted and experimental
re sults for the ralial profile of trannient fis sion-gar re lea se indi .e that the

, - , - .-

,e I; -

'T .I / U_>
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GRASS model for the rapid, long-raage interconnection of gi tin-edge porosity

is too simple to account for the evolution of the grain-edge porosity obse rved

in DEII-te sted fuel.

J. Rest and S. M. Gehl attended the Fuel Code Program Review on

October 4,1978, in Silver Spring, Maryland, and gave a presentation titled

"The GRASS Co.nputer Code and DEH Te sting at ANL. "

H. Modeling of Fuel / Fission-product Behavior (J. Re st, MSD)

1. Development of F ASTGRAS5, A Fast-running Option to GRASS-SST

a. Introduction

" r mo st important diffe rence s between FASTGRASS and
GRASS-SST are in .e algorid..as used for calculating the evolutien of bubble

density and size ove r tane In GRASS-SST, the bubble- size distribution is

specified by calculating the densitie s of bubble s in each of a number of bubble-

size c la s ne s. Each bubble- size clas s is characte rized by an ave rage numbe r

of atoms pe r bubble, the value of which diffe rs from that of the preceding size

clas s by a constant multiplie r. (The numbe r of size classe s is a variable that
is de te rmined dynamic ally during a c ompute r run. ) Change s in the bubble-

size distribution, caused by bubble coale scence and re - solution, for example ,

a re dete rmined by solving a large numbe r of integral-c'iife rential ( quations

for each time ste p. Solutions arc- carried out fo r bubble s on grain surf ace s,

alone dislocations, and in the bulk matrix. The iterative solution of a larue

numbe of coupled equations is a major contributor to the corsputer run time s
of GRASS-SST,

In c ontrast to the multiclas s de sc ription of the bubbie- size

distribution in GRASS-SST FASTGRASS use s only two clas se s: . ne for single
a s atom s and ane for ga3 bubble s. In addition the de scription o: bubble s on

dislocations has bee n dele ted. In GRASS- SST , *.he same delineation of bubble

nizes in te rms of+he number of gas atems per bubble is used for intergranular,
int ragra nular, anu di slocation bubble s. This is possible because enough size

clas ses are available to fully characterize the distributions. In FASTGRASS,

with only two size _ lasses available for inte r- and intragranular bubble s, sep-

arate de sc riptions of the size clas se s are nece s3ary for the intragranular and

g rain- surf ace bubble s. The single gas atoms are characterized by their num-

be r den sity and atonne radius; the ca s bubble s a re ( narac te rized by numbe r
e size expre s sed as the numbe r of atoms per bubble Thedencity and ave ra

number densities of atoms and buoble s a re determined for '> orb the intra-

: ranula r and g rain- surfac e re ion s by solvin the set of equa ;ons

df .

(1)
i a fi - b; f ; C

3d ,o

/. 7 r . , , ,

7 ' L



21

2 - - b, f, * c (2)z,
dt

-~

- A gi - li g1 +C;, (3)i idt

and

de,
'' -Bt t C, (4)2 2 2dt

where f andf are the single-atom and bubble densitie s. re spectively, for the
t 2

intragranular region. and gi and g2 are the corre sponding quantitic o for the
g rain bounda rie.s. The othe r >aramete r d </ e r e defined in AN1 78-77

( pp. 10- 16 ) . The paramete rs in Eqs. 1- 1 are in gene ral, functions of the av-
eraec bubble size. S. In A N L- 78 - 77, S was as sumed to have a constant value.

IIowe ve r any realistic calculation of gas-bubble behavior mu st account for

changes in the ave rage bubble ., i z e that may occur durtne irradtation.

Sork this quarter has culminated in a model for calculating

the evolution "f S as follows: Durine each time step, the prot e s se., of bubble

nucleation uas-atom diffusion t- bble s, bubb1 c oale s c e nce and bubble re-

nulution can lead to change s in the ave rage bubble size. Coa le sc e nc e inc rea se s
to diffusion toS, while re-solution dec rease s S; bubble nucleation and gas-att

bubble s tend to stabilize S. Let i be the fractional change in .e den sit y
during a particula r time step. Then

_ _ Fh (5)
<:

where J t s the rate at which the bubble density is changing as a result of the

above-mentioned prc ce s s e s , y2 - f2 o r g2 is the bubble den sity. and h is the
inte rnal time step of the code ( = doe s not depend on time- s tep sele ction, a s

and bub-F is also a function of h). If 5 is greater than a threshold value e

ble density in inc reasing, the bubble size is inc reased by a factor of 6. Sim-

and bubble density is dec reasing, the ave rageilarly, if ! is greate r than e

de c re a sed 'oy a f acto r of 6. Note that a change in bubble sizebubble stze is

lead- to a corresponding change in bubble density, since the total number of
a s atom s in bubble s is conse rved. The conve rgence parameters e and 6 were

dete rmined to have the value s 0.05 and 5, re spectively, by decreasing them to
the point whe re further reductions had a minimal effect on calculated re sults.

b. Comparison of Code Predictions for Transient Gas Release
'vith Expe rimental Re sults

'i he GRASS-SST and FASTGRASS code s we re used to calcu-
late fis sion-ga s releast for a se ries of DEH expe riments. FASTGRASS

3 -. .- _ - - ,

.- t i *
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e xe s ut d tre se proble:u n approximately < ne orde r of magnitude faster than
G R/s SS - S S T The re -ult - of the se calculations are s hown in F t g s .11.1 and 11.2.
In . ach oi 'he,e rgu re , . the s< >li<l Itne in he ate s the position of perfect agree-
tuent be tv . . n predit tion- : nd exe r u le nt As is evident. the GRASS-SST and
FA3TGR ASS prem ti reasonab!c agreement vith the e xpe rimentalis are i-

me a,u re me nt 3.
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Figure 11. 3 show s GRASS-SST
3 _ ^_- @,

.

. . .: < u tt s f o r t n, e radial profile of transient
ej sn;on tar (xenord release during Dell\

i. iu 3 3. plotte rl < 'th la se r- samplian datas *
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,,

- - -

3 :o r srypto. (The FASTGRASS predic-
t i o n :- a re s imila r. ) The u redicted re sult s

-
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c Discus sion of Re sults

Figures 11.1 an d 11. 2 show that both GRASS-SST and
FASTGR ASS give reasonable predic tions of fis sion- gas release for a serie s
of DEH experiments that encompas s a wide range of heating rate s and maxi-
mum fuel temperature s. (In addition, FASTGR ASS re sult s fo r ave rage bubble
size are in reasonable ag reement with the GRASS-SST calculations of the
it s sion- gas bubble- size di s t r ibu tio n. ) Note that the predic tions agree to within
a f actor of two with the expe rimental value s , and that the predictive capabilitie s
of GR ASS-SST anti FAST GRASS are roughly equal. T he re fore the p reate r com-
puting speed of FASTGRASS makes this code an att ractive alternative f or some
analytical de sc riottons of fuel- rod behavior. On the other hand, GRASS-SST
is useful for apphcations in which more detailed predictions. e.g. bu bble - s i z e

distribution,. are nece s sary, and for substantiatme F ASTGR ASS predictions
for specific conditions of inte re st. ..

.

The dif fe renc e s between the predic ted and n , red fis s mn-

gas release value s in Fig s.11.1 and 11.2 a re the summation of . ve ral c ont rib-
uting effect s. The following discus sion of posoible source , of e rror is not

of the problemsmeant to be exhaust ive. Rathe r, the intent is te illu strate some

that have been encounte red in usmg the GRASS-SST and FASTGRASS models.

Inaccuracies in the measurement of the fi 'sion ga s released
.

.

durtnu the DEH transients lead to an unce rtainty of up to 5% in the reported
value s. i he se unce rtaintie s are indicated in Fi s . II .1 a nd 11. 2. Cnce rtaintie s

'n the calculated transient tempe rature s used by GRASS-SST and FASTGRASS
< un lead to additional e rrors. The se uncertaintie s are due to the approxuna-

t mns used in e stimating the high-temperatu re the rmal and elect rical c onduc -
tivities and the expe rimental e rror in surf ace-tempe rature m e a s u re m e nt .

. .

Anothe r sou rce of the dif fe rence s ehown in Fig s. 11.1 a nd 11. 2
e model used in GRASS-SSTthe over sin:plif ted ncture of the po re -int e rlinkats

and F/sSTGR ASS. This model is based on the a ssumption that rapid long- range
interconnection of the grain-edge porosity occurs when the grain-edge gas-
bubble f rac tional swelling exceeds 5%. Thus, the stepwise dec rease in the pre-
dicted release at a fractional radius of 0.69 in Ftu.11.3 is due to the transition

greate r than 5% (forf rom fuel regions where the gas-bubble swelling eas

fractional radii le ss than 0.M) to fuel regions whe re the swelling was le s s than
5% (for fractional radii greate r than 0.65).

--- ..

The qualitative diffe rence between the predicted and expe ri-
mental re sults fo r the radial profile of transient fis sion-ga s release (and,
calculations indicate , some of the deviation of the predicted gas release f rom
the measured re sult s shown in Fig s.11 1 and II.L indic ate s that the GRASS-SST . -

and F ASTGR/1SS models for the rapid, long- range inte rconnec tion of g rain-edge
porosity are too simple to account for the evolution of the grain-edge porosity ob-
served in DEH-tested fuel. A more roalistic calculation of the radial profile of

'T /? c/, Q, , c
r
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t rans tent fis t ion- a s re le a se w< uild have to inc lude n a ub I s (b s< r 3 buig tlm evo-
lution of the inte rg ranula r pt,rosit y u a fum tion of the ga s - hubble di st ribution.
the tempe rature and heating rate . the tuelinic rost rui tu re and the lot al st re < se s
gene rated within the fuel pellut. This work is t ur rently in proe re is.

C E x pe r u ne nta l l' rot: r an i (S. M (ichl. MSI))

1. Mu rost rus t o: al Ct.a rac te r t s at u >n < >t D EII- te st e d l'uc l

unantit at ive s t e rc olog y n w a s u re:ne nt :, or the pore vohune f raction,
V and po re- solid sur f a. ( a re a . Sy 'cre. cornpleted fo r the tuci -pet uneney

f rom the serws o f D E l l t e s t .- pe rio rn md at high heating rate <See A N L- 78 -4 9.
pp. 3 9 - 10. f o r a de ,. ript ion (if t he se t e st s. ) 'l im h a n c e .s in V and S froin, y y

their prete st value s ve re u,edt<><al<ulate the volun m - ve lli ne and the int rease

in po re - so lid .s u r f at a re a pe > e: art i,i tuel. S, 'I h e pa ra n .e t e r > V Se y, y,

.ve lli ng ( a s a ne r ce nt of t he p re te ,t :nel vid utue), and S are r~po rt ed in

Table 11. 1 .

I A l s ! .l .1 ! , iary Mir, tr. t s r a l E s .s :: inat,, nH s ',

I I E. i l !< ' - i' ! !i c t i b a t i n ,. H a t. ,

l' r a t: si r. Mc lea r
'' |t *T.' f. He t* ri ,ie wt 5 A r iiii.y 'sy ,

Hi \s :: :i 1. ! ,

_ _ _ _

. & ' f

1e'** L im i6 's O !? 11 l Jt i 1! si

if U ii iaL 2x ( ''I 3 3 t- i 67 i 17 s 10*
4O 18/ i ts t 4, s0, s 1040 L sm an *

'A.~ir.it. itt r.- i tr. ''

T !i r.t<: ti. ;1 It ri>ni r ( < x p r e n s e d a :-<> . a t r ui t it il < > f t hi ;;i Ili t
radiu s ) are alsii : r p<>rt. :n 'lable 11. 1 :o r t hose te st s i n "c h a h n m i t i n e i n ..rred.'

The f ractional fi s , u m- e a. re le a se :or the fuel that did nt >t n u it is also iven1

100L>tas relea.win Ta ble II l. ~1 bi s pa r a ti.e te r i s < a b ulated by a s s un: int a

a t i .plin c cif t he nmited :ne l t r< ai: th' ie-t 33t roni the nmlted fuel. 1.a c er

spe c t:tw o indi4 ates titat titi a s si u ilpti<>n i.s a 1:( n a app rr.xt ri at 1<;n. (S<t-
A N I.- 78 - 2 5 pp. 16-17 nir a de s, ript ion < d the la se r- s ,li n t re suit .)>

,

i i !;it p t r u al Co r relation: :i > r 'l r a n > 1 c n t2. Devc h >pn c nt
I'' i s s l()ti c d s }{e le ast-

Enipi: ai .>rrel.iti<,n- fc >: tissu.n-gas re h a r, are br i n t- a,u alit

in tv o a rea s : (1) o> relato,n <,t t a: release with the the r ri.al hi st o rs < >, IM :M-

type t ra ns ient s , a w. ' l l i > r c lat um i f ea: relea,e '. it h t r a n ' m nt -ind: <ed

ha n e.- I~ !1 - d p. r;<ie ri< e tit t i ., s t < > n a , r e l . a .- c i > ri t e r tipe ra -li:I c rt> st riti' ll t ' a l (

ture pa ratnc t e . a s di n i ed 2: A.: 1. - 7 8 - l O 7. Ihr p r e .s e n t re po r t dt seus se s
recent vork c n the relatu.nships be t wee n ga s r e l c a ., e a nci n. ro st ructu ral

hange-(

'9
'

I
'
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3. l(e pla c cine nt I)Eli Te nt Chanibe r (S. M. Gehl arul
1). R. Pepalis . MS!D

T he ch ,ig n i,f t he r e pla ccinent 1)EII te nt chambe r has be en t om-
ple t e<l, a nci tabric at n>n i.i t he hainbe r in the A NI rnachine s h o p .s i , ~ 5 0 ">

cionplete Fabrit ation will be c oinple t ed, t he equipnient will be a s s ein ble d ,
anel it s ope ration scill lac checked in the corning quarte r.

It e t e re nce

1. S. M. Ge hl, M. G. Seit / a n < l .I . 11. , t . i'i s s i o n - c a s ll e l e a .s e t rain Irradiated

I)WR Fuel during Sunulated l>CM-t ype A c c ule nt s : l>rog re s s lle po r t ,
<51.- 7 7 - 8 0, N U R EG/ (:R - UUH s ( M a y l'J 78 ).

. -'
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III. \1ECII ANIC A L PI(OPER TIES OF ZII(C ALOY

II. \1. Chun g, A. M. Ga rde, mid 1 Ic Kas sne r, ilSD

A. Sunun a ry

Since hyd ro ge n upt ake as well as oxidation c an oc cu r at the inne r su r-
face ot / t re alo3 claddine af te r defo rmation and ru ptu re o f ;nte rnally pre ssur-

i . " d t u t. . s in st e am, the ef fect of hyd ropen on th. I n st rumen t ed -im pac t
n rope rtie s of ' rc aloy is being e- alu at e d. The expe ronent al methods und'

a r. +he s am e as those used todimension s o f ic subsize-Cha rpy specimens
allo y s. Info rmation ond. * e rmini the imn ac t prope rties of '.i r c aloy -ox y ge n

the maxinunn load, dynamic f racture touch n" s s , and t o t a' abso r!>r d e ne r gy
was obt ai ned . tt mpe rature s between s75 and SJ3 * fo r ho:nimeneous allovs

e ith i O- 1 ;00 opm hyd roce n. The r" mit s indic at e that i,0 0 - 1 W O m m h y d ro -
s.gnific ant ef fe ct on the dynatnit trat 'are touchne s s ati n in Zi rc alos ha s am

(1- :D r a* u ra 's .' f ! 0 0 '

T h. dia:ar t r al rine -delle c tion p ro pe rtie s of unde f6 > r: c ri J. t r e a lo :,
cladd: ng , * hic h " as oxidized on the inn" r an d oute r surf at e s in s t. a: .at tem-

o, 'c u t i r. s b~ twe e r - l 10 and 1700 K, n ave be"n co r re' at e d with o, nou! tun -

ne oac t r. su!t s obt ained f rom the ide ut ic al *ube s . T he lo ad-ve rsus -de fle c t ion
c- ci - 3rocide in fo rm ation on the plastic defo rma+ ion to the pmnt o: an nu t tal

t ot al de flection to f ragme nt ation o f the ring s e gmi nt . I' h erm as well 13

d4 t li < t io n ' al'." s rante from - 3 to 0.4 and 0.2 t o 1.' nun, r e s p e c t i v e ! ', , : o r
u lu re -in. pac + rne rgie s betwe en u.02 and 0. 5 J a+ ;U0 .*

Seve ral /i rc aloy cladding s pecime ns f rom inte g ral t ube -bu rs'
ctioned at seve ra! axial positions fo r me t allo-1-shoc. *csts " cre se- w r:. 4

era .h i c alu c u.a o. oxnic-1.ye r thickne s s and fo r chemic al analy si s of
hyd ra cen. The re sult s mdi c at e that hyd rogen pickup b3 +h, tubes during

i >x ic at i o:. in st e am oc < u r re ci p rim a rily in region s "che re tne inne r-su rf ace
relatively thic po-eithe r quite thin o r in loc ations whe re ao x i d. 1 e r was

rous oxide formed. The hy droge n content of the /irc aloy cladding va ried
b, t wo n -2; and 2000 ppm

T h. inf o rmat.on obtained fo r the the rm a' - shoe s, im pac t , and rine-

def!, tion p rope rtie s of Zircalos containin g oxygen and hyd rogen .ci ! ! b e used
to e st abli sh an emb r it tlement c rite rion applit able t o fuel cladding unde r hy po -
"mtic al LOC A situations.

B Im pac t I > ro pe rtie ; of , i rc aloy-I!yd rogen Alloys

liyd rouen uptake occurs at the inner surf ace of Xirc aloy claddine af te r
defo rm ation und rupture of inte rnally p re s su rized tube s in ste am and oxida-

-4
tion at tempe ratures between - 1200 and 1400 K Consequenti,, hyd rogen as

well as oxygen may influence the mechanic al pro pe rtie s of the cladding at

--,, ,
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all ternpe rat u re s, howeve r, fo r t e mpe ratu res Ji7 3 K and hyd ro en c c.nc e nt r a-
tions .. n 0 0 a pr.1, the toughness value s a re qui t e lov (.10- 1 ; \1 Pa In ).

Sc annine -ele c t ron inic ro g r a ph s o f the f rac t u re s u r f ac e s o f s p, c irne n tested
unde r th" se c o ncit t i on s (e . g . , i i g. III . 3) re v. al a n re d e n i n mit ly b ri + t le f racture'

*' '.. 's, .nc s s v alui <Inode, "hereas at o73 K, the s pecirnens 'vith f rat .

l -
t' ail in a ductile manne r., 10 N! Pa In

, _.nt on< ent ration andl'i gu re s III ., and 111. 5 show t he e f f e c+ of hv ci'
!-' x < " p t f o r t he as-t ein ne r a' u i , on the total abso rbed en - r un:' t re .t. .

Pt'( < i'. e'(i Ill.tti Pl al (1300 :>pm ox c ge n .t:te. :);):rl c<i rci e' 1 1 .tll ' t >' c illi ns
t xilibl t i fi a ')Ts'f!(TIllin a nt['y b ri t t li f r M t urt' .t' fit

'

f..g.,Si n< . 'he s olubilit y o f hyd ro g. r in , . .. < alo' q ui' e lo ' '

'~ 300 and 100 wn a+ 673 and 5 73 K, rrso c'ivi t v , n u ,: ,,i . c ri o ._o a in the'

'npact s o, 4 n:o as is present in the for:n af 'co':de o: < . c a r. 1 : 1. o -
.
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anpears to be relatively f ree of hyd ride p re c ipi t at e Thiso f t h. - alate c

o u n!c ri vit h in fo rmation on the ductile -to -brittle t ransition forobs, c' ation t

,I,.c., Figs. I!',1 and III. 3 of Ile f. 6 ) and Zi rc aloy -hyd ro ge nli rt u l o v - o x s, o

i'i c . l ! I . ! i alloy s succests that a synergistic effect of oxygen and hyd rocen oni

'io im p ,' p rope rtie s of Zirc aloy may re sult fo r concent rations 14000 and
oc c t i vel'. , at t e n.pe r atu re s c6 00 K. At low tem pe ratu re s, highe rt 0 0 > n: , <

s <, s at ' at:ons of ithe- ienn at re sult in a dynamic toughne s s value ofe

- 10 ' ! I)a- .' . nri a totV abeorbed me rgy pe r unit are a of 'l x 10 J/nr4
.

ih. 3 ah~~ ve r. 2 sed t o e s t abit so un pac t-failure c rite ria fo r Zi rc aloy-
oxyt. n dlov s : elative to the oxygen concent ration of the mate rial and

''+, , attre

resn'',on'h. ins t run ented-impact prope rtie s of Zirc aloy-oxygen1 .

um 'i r: a!ov -hyd roge n allov s. and info rmation on the room-tempe rature im-
, a nrm rties of tre .loy -4 claddine af te r rupture and oxidation in steam

.r5 red in ti i cie celopment of embrittlement c rite ria anplicable to111 h. ~m

1i 'adct:._ unc! r by j e he + ic al LOC A condition s in LWIt 's.1 e

' .n e t omn re s sien and Imoact -failure Prope rtie s of Unde fo rmedC' in * *

alor -4 (: addin; a:* e r Ox i d ation in Ste amr

un; ut p rope rt ie s o: undefo rmed Zircaloy-4 cladding, v hich " asI .

inn * * r and <>f r surf ace s in s ta am at tempe ratu res twein>xidi i in ' i.r<

a riou s ,nes and cooled to 300 a at a rat e 01 - 3 K : s ,! ;70 and !vo :<>r s

li usiS i o obt ain a quantitative co rrelation between thepo r' d ;i r<vi n v.

npat t - t ailu re an< d i .mi t r al r i n .' ~ d t fl e u t' o n p ro p. rt ie s at 300 K,we cut
.- . si an ,atr r. n t h. tube s adjacent to the im pac t - f r act u re lo c a-n.is1

compressed at 300 K in an Inst ron testingt:on I). ddi t .: ents ,v e r ,1 "

a c. ii n e a - - h. a d a . d , a U. 04 2 3 mm 's. A typic al lo ad-ve rsus-'

d . : 1, < * i o n u : v e no. n n l'1u. III,7. 'I h e deflection CD corresponds to the

A r, - .7 -] n/ L /
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,
amount of plastic deformation t- form1

the initial c rack. As indicated by thevt m
i

, M d i., ' '
'

abrupt dec reases in the load, several"

)'
1 additional f racture s occur before f rag-

/

! mentation of the simcime n at a total' "

t ~ , _ deflection denoted by AE en the figure-

,

Figure 111.8 shows the plasticq
-

i defo rmation to the point of the initial
c rack and the total deflection to f rag-'' '

[[ - mentation as a function of the f ailu re -
.1 impac t ene rgy, which wws obtained f rom.- , , - . . .

the same tube An impact ene rgy of
, ,,

0.3 J, which is a f actor of 10 g reate r

than the failure-impact ene rgy fo rp u. , m ,7
cladding that survive s the rmal-shock

x hem nic of Typical IraJ-vs-Detlectien loading by a small margin,s>I1 co rre -
un e fraru a Diametral F my-t cmpressmn( sponds to a plastic deflection of

I c > t e n a .s c 't. o f O u .h z c J I.ut alov
~0.1 mm fo r the fo rmation of an initial4 !aJJii .W apt decn a3cs m loaJ cer_

ic-:end to lo ' u qu ntial Itat t acs before c rack and to a total deflection of .0.6-
frac, tanen J <.r u , < low compremon. l.1 mm fo r f ragmentation. The de-
A N L m .. w. . - : s-; flection to f ragmentation is directly

proportional to the f ailu re -im pac t
energy. The ring-deflection tests on oxidized cladding that was slow-cooled
through the 5 -- or' ph a se t ransfo rmation a re simila r t o those of IIobson,22
which we re pe rfo rmed on wate r -quenched specimens.

-

,, ,

,-, v.. s- s. - .

a v su .s ,, ' *...''

ib y . n l.~ ...r'y+t .

/
- ,1 la 'i De ter ma no n to Imnal < rd .ind <

s't.il I Tiltt I D.in til l'r a c O ; ilatit'n it . [I a r.J j

f, ,-A l , n ';u uvely m Fig .111.~ e a F: < n on ,

#/of Failurt-impact I nt rcy at r: fa: ( T u- f

Jic d I. m a lm.-4 ( laddinc. l'hc mn c r a n ?
- +/ %. +

+ /
; g j

'' * .. ?e: tr arf ac cc of the nr.Je fcn a tu!>cs w ere / * .,

! 4+n J izc t' f n th atu at 1 ' +- 1 7 ' 4 K fe van- 74, p y

an ' c m led throuch the 6 .a' 7 ,, (4 's n s

gb ,'' . . , a .'phan t r ar. ' nnat u , at ~nK ANL Ney.
x z ~

. ar- -- a<, , _ . . _ , ,

s s r i 4 26

fa M v: t. ' i se 4 ,

Figures III.9 and III.10 show the maximum load (L,si in Fig. III.7) and
total def!cetion during ring compression at 300 K as a function of the trans-
fo rmed 2 -laye r thickne s s of specimens oxidi zed on the inne r and oute r sur-
faces in steam at tempe rature s between 1373 and 1673 K. The load and

deflection curves inc rease markedly fo r 3-laye r thickne e se s la rge r than 0.25,
0.3, 0.35, and 0.4 mm fo r oxidation tempe rature s of 1373,14 77,1588, and

f=z ~n
1 | c| r, J 0U
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16 7 3 K, rc < pec t ively. The failure-impact ene rgy exhibited a similar de-
pendence on the thic' ne s s of the t ransfo rmed-E laye r (i.e., Ici g.111.2 0 o f R e f. 6 ).
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Isased upon the measured oxide , a , and 5 -laye r thickne ;ses, the

am% u of oxidat'on of the specimens was evaluated relative to th e e quivale nt -
c laddin g- react ed (EC R ) pa ramete r, which is used to define the 17" oxidation
limi' in t he p re sent cladding embrittlement c rite rion. The total deflection to

t ragmentation and the f racture-impact ene rgy a re plotted in IJi cs. III.11 and
III. ll, re s pe ct ively, as a func tion of the e quivale nt -cladding - re ac t ed pa rame t e r
for unde:ormed Zircaloy cladding oxidized in steam at various tempe rature s.

These data show that, fo r undefo rmed cladding (i.e , no " cal' thinnine.

due to defo rmation unde r inte rnal pressure) in which a compact oxide lay.:
fo rms on the inne r and oute r surfaces and hydrogen uptake is quite small
(i.e 560 ppm hydrogen in the tubes), the total deflection and failure-impat !,

ene rgy are rel.a tively la rge (21.5 mm and 21.0 J) fo r cladding oxidized to the
17% ECR limit at tempe rature s cl600 K. As with th: impact p rope rties ' the,

c, ,)j, | , s)1 *\

'T / / UJ/
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c apabilit3 of deformed cladding to achieve a minimtun s pecified de flection
aa be evaluated rela tive to the timi and tempe rat u re or oxidation and thet

veall - t h i c k ne , , ratio that re sult s f rom ci rcumfe rential expansion of the clad-
ding du rine t ransient heating and rupture
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D. Co r relation oi IIvd roce n I tatahe and Inne r-su rf ace ()x tdation o f 7.i rcalov-4
Cladd:nc f rom int o .d Tube -bu r st The rmal-shoc k Test s

t hi int e g ral tubr -bu r s t the rmal- shoc' t e s t s ' 7'' 'Seve ral specin o is tro >

al locations and analy wd to a s ses s the in-have been sectioned at di tie , at a>

flue nc e o f hyd ro gen a s 'vell a s oxygen on the room -t em pe ra' u re unpas i and
duc tilits p rope rtie s. igure 111.13 < hovc s t h. t ime -tempe ra t u re condit:ons fo r
six tubes selec t ed :o r t o rrelation of the hydrogen < ont ent v/i t h i nne r - su r f a c e
ox t dation cha ra c t e -i s t ic r . The n.aximum axial * cm pe rat u re ' a ria t o " alone t he
cladding is indi< ati d in the fi u u r e , i.e the t em pe , ature in balloor. d r, gions i s,

- 1;0- 1 k0 E lowe r than in adjac ent nonbal!aoned loc ations. 'I n. ru ptu re iipening

a the tube s ras 8 0 - l ;0 n un", whic h i s ts pit alfor /i rcaloy claddine ru;o nr d

or p redominantly a-ohase recion.".niu- 3-

Se ym e lt s o! thi tune (- 2 0 nun lon e ) cci re anal 3 d fo r hyd rogen, and

adiac. r r.g.ons (- o . nun lon e ) w. r. miunt ed and polished to: m e t a llo g ra phi c
oxide Thech t e rmination o: th. .no t , dolo e , and this ni s s or the inne r- su r t a1 e

ni r are plott ed a s a function ofave ra u hyd rogen coni, at and oxide -laye r thic

axial position along th. tube in 1-lus. 111.1 4 -111.! 1 i bi ruptu r loc ation and the

lormp vi rsus iomne ti a re also indicated innatu re of the inne r - s u rf at oxid,,
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