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The thermal field in e reactor vessel downcomer and resulting thermal / stress response in the ;

adjacent reactor vessel wall during high pressure safety injection are esamined, especially with [
regard to departures from one-dimensional behavior. Similarity solutions for the stratification .

. (in the cold leg): hat creates the downcomer plumes, and scaling considerations for the thermal !

conduction and stress fields in the vessel wall are developed to provide pencralized criteria for! '

the adequacy of the one dimensional treatment. [
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NOMENCLATUltE

A, cross section area of system compoiwnt :
minor ellipse semiaxisa

6 major ellipse semiaxis
e, specific heat
D diameter of cold leg
D' = Det/Dnvi diameter ratio
D, diameter of fluid stream, or system component a
d' = d,|Dat .
d, depth of fluid stream
E . Young's modulus
Fr, = U {D, gap /p}-1/2, Froude number of stream i

Fru el,ct = (Qnet/SCL) {gOCL , superficial Froude number in the cold leg
g acceleration due to gravity
h heat transfer coefficient
k thermal conductivity
1, t vertical distance from cold leg centerline in downcomer toward lower plenum
ihnes HPI mass flow rate
Q. volumetric flow rate of stream i
Q* = Q,/QnPI dimensionless entrainment rate
T temperature
f time
U. veloelty of fluid stream i
V volume of the whole system

horizontal distance from the cold-leg cens,rline in downcomerx

Greek
cectlicient of thermal expansion, or thermal diffusivitya

fraction of entraimnent from downcomer side
AT - temperature difference

. .

A/ p -- p, .where ,, the two streams to which Fr is referred to
6' thermal penetration length
( elon ation of the plume

# , dimensionless temperature6- =

? thickness of vessel wall
'p, . density of the fluid stream :-
p* =phlenPI

I'.
=pm|pHet

a stress
r characteristic ti.me scale

Subscripts
cold stream, or conduction,-

ct cold leg
entrainment,

X



NOMENCL ATUltE (cont.)

sis,i high pressure injection
a hot stream

the position of 2Det from cold leg centerline down into the downcomerj

well mixed or " ambient"m
initial.

thermal penetration,

system,

horizontal coordinate,

vertical coon 11nate,

Xi
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1, INTitODUCTION

Thermally-induced stresses in a reactor pressure vessel (RPV) wall, as a result of high-
pressure safety injection (llPI) are an essential component of integrated risk analyses of pressur-;

'
ized thermal shock (PTS) transients (Selby et al.1985a, Selby et al.198Sb). Limiting cooldowns
(i.e., the most severe conditions) arise when this injection occurs under stagnated loop conditions
(loss of natural circulation due to voiding in the steam generator tubes) which, in turn, corre-
sponds to a rather narrow range * (in site) of small-break loss-of coolant accidents (Theofanous
et al 1989). For a given system the actual break sites in this range can be determined from the
IIPI pump characteristic. This characteristic also ties in the corresponding injection flow rates

_

and system pressures whien are the key pararacters conceming cooldown and state of streu..

Even though the net loop flow is zero, the cold safety injection causes a recirculating flow
pattern that involves (in mixing) all parts of the primary system that can be reached from the

'

point ofinjection by a sequence of horizontal and downwards vertical traverses (Theofanous &
Nourbakhsh 1982. Theofanous & lyer 1987). The recirculation, which is schematically illustrated
in Figure 1, has been shown to have a drastic moderating effect on the global cooldown, as well
as on the degree of stratification. The global cooldown is referred to the decrease of T,,,
the mixed mean temperature, which physically represents the fluid temperature in the lower
plenum, and in the downcomer outside the plume regions. The degree of stratification refers to
the temperature difference between the hot and cold streams in the cold leg. In practice, the
hot stream temperature is close to Tmt thus the degree of stratification reficcts also the initial
" strength" of cold plume created by the spilling of the cold stream into the downcomer. This
flow, and thermal field, stmeture is the basis of the Regional Mixing Model (RMM), and thei

associate computer programs, REMIX and NEWMIX, utilized in the NRC Integrated PTS study
- - (lyer & Theofanous 1991a), and it has been confirmed experimentally (lyer & Theofanous 1985,

lyer & Theofanous 1991b): a comprehensive ecmterison with data in experimental simulations
ranging from 1/5 to full scale has been compiled recently (Theofanous & Yan 1991).

For the IPTS plants (Calvert Cliffs,11.11. Robinson and Oconnee) the degree of stratification
Was found to be minimal, and this behavior is expected to be applicable to the vast majority of
US-designed plants (lyer & Theofanous 1991a); Quantitatively, this stratification behavior, along

_

with the predicted cooldown, can be summarized in the for_m of Figures 2 and 3 (for a Calven
Cliffs example), which provide the boundary conditions for the stress analysis. The significance
of T, in Figure 2 (refer to Figure I also) is that it characterites, in an approximate fashion, the
'' source" of the planar downcomer plume. Guided by experimental data, this " source" point is-

taken at 2 cold leg diameters below the cold leg centerline (lyer & Theofanous 1991a); llelow
this point the cold plume decays in the manner shown in Figure 3 (obtained from well-known
plume decay laws, i.e., Turner 1973). Above it there is a very complex, three-dimensional,
temperature / flow distribution and mixing pattern that although unknown in detail seems to have4

been adequately characterized as producing an equal volume mixing between the cold strcam
and the ambient downcomer fluid (this is how T is computed)._ As'a rough approximation -7

* In general, larger breaks lead to system depressurization, while for smaller breaks the llPl
is sufficient to collapse the steam generator tube voids leading to reestablishment _ of natural
circulation. The former case is clearly of no interest to PTS, while the latter leads to cooldown
significantly less severe since both decay heat and the secondary side of the steam generators

_ are now coupled to the thermal response of the downcomer region.

1
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Figure 1. Schematic representation of the Regional Mixing Model (RMM).

in REMIX /NEWMIX, the temperature field in this region is obtained by linear interpolation
between Te and T,.

In the IPTS, the stress analysis was carried out in a one-dimensional (lD) approximation
believed to conservatively bound the stresses everywhere in the RPV wall (Cheverton et al.
1984, Selby et al.1985a, Selby et al,1985b). Specifically, the T, transient was applied, through
a heat transfer coefficient, everywhere on the inside of the RPV wall, which was taken as a
complete cylinder (i.e., without the cold-leg openings). In practice, conduction controls and the
procedure is tantamount to imposing (within a few degrees) the T, transient directly on the inside
fee of the RPV wall.

A recent publication (Neubrech et al.1988) strongly questions this procedure and provides
analyses which in comparison with data from a full scale " simulation" imply that the above-
described ID treatment may be highly non conservatise. This, in turn, has created intense
concerns about the validity of the IPTS study. The IPTS study, through regulatory guides, has
become a sort of prototype for future ones expected to be numerous, in the years to come, as
plants age and come up against the specified PTS screening criteria.

The concern is simply illustrated with the help of Figures 4 and 5, reproduced from GeiB
(1987) which seems to be the source of the material presented by Neubrech et al. (1988h Exactly
the same, non-conservative, trends were shown also for strains. Note that the positions to which
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Figure 4 refers is 2.6 cold leg diameten, below the cold leg centerline; that is, the temperature at
the plume centerline conespands closely to T, and hence the ID treatment shown should closely
correspond to the ID treatment of the li'TS prescription. At the lower position, Figure 5, the ID
treatment based on the measured local temperature is c1carly inadequate; however, it is evidently
bounded by the ID treatment based on T,.
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Figure 4. Comparison of calculated stresses in the ID approximation (VISA) with measured
values in llDR test T32.18 (reproduced from GeiB1987). The point shown (measurement) is 2.6
cold leg diameters below the cold-leg centerline.
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%is measured, strongly asymmetric, sin ss field is related to the elongated plume structure i
and should not have been unexpected. Consider, for example, the thermal stresses in a plane

'

,

wall assigned a cold, uniform through the wall, elliptical spot. For a temperature difTerence
of AT, and major and minor ellipse semiaxis b and a aligned with the y and .r coordinates,

,

respectively, we have

a, = -E OAT (1)

b
o,=-E nAT (2)a+b

Thus '

1mbo
(3)a, a

and the stress asymmetry increases with the elongation of the ellipse. On the other hand, the
,

through the-wall temperature gradient, in this example, would be zero, and so the calculated
stress in the 1D approximation would also be zero.

The discrepancy in the above example is clearly an exaggeration; it serves to vividly illus-
trate, however, that the potential concern is legitimate. What remains to be done is to explore
quantitatively the impact of this concern on reactor predictions and to examine under what condi-

: tions, if any, the ID treatment is adequate. The reason for this latter aspect is that in the scope of
an llTS study a very large number of wall stress calculations need to be carried out to properly
sample the space of uncedainty in the key parameters, and transients, that have to be considered;
as a consequence, a full 3D treatment becomes rather impractical. The purpose of this repon is
to provide some resuhs relevant to these goals. We begin, with section 2, by discussing similarity . ,

of stratification and associated fluid thermal transients in the downcomer We demonstrate that
the particular llDR test (T32.18) chosen by GeiB (1987) and Neubrech et al. (1988) suffers
from gross dissimilarity to US reactor conditions. We find another llDR test, T32.34, to provide
a very close simulation; unfortunately, no stress / strain data have been published for it. REMIX '

results are found to be in excellent agreement with both of these tests. In section 3 we develop
finite element models for ID and 3D treatments of the RpV and demonstrate that the 3D model
accurately depicts the measured stress / strain fields shown in Figures 2 and 3 (for test T32.18) As
expected, we find that the ID treatment, based on T, as per IPTS study, is non. conservative for
a significant fraction of the downcomer area (down to ~7 cold-leg diameters below the cold-leg
centerline).13y contrast for test T32.34; this area of non-conservative behavior is predicted to

,

shrink down to an axial distance of only 4 cold leg diameters. The same structural model is
,
-

applied to the Calvert Cliffs geometry and thermal hydraulic conditions similar to those of test
- T32.34. We find that the ID treatmer.t b even more appropriate than in test T32.34; only an area
down to 2 cold-leg diameters is affected (i.e., the axial stress being greater than that computed.

L in the ID llTS approximation); that is, the ID treatment is entirely adequate. Finally,in section
L '4 we generalize these structural analysis results to four simple, generalized similarity maps that

define tht, regions of potential difficulty with the ID IPTS prescription. These maps show rather
clearly that all llDR tests are far from applicable to simulate the therm'al stress field in a reactor.
vessel wall, because they have failed (single loop injection) to represent the global cooldown.

i !
!
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2. TIIEltMAL TILANSIENTS AND SIMILAltlTY CONSIDEllATIONS i
i

A scaled representation of the llDR in com. !

parison to the world PTS facilities is shown in >

'Figure 6. The particular geometrie data and
those relevant to a large US PWR are shown d. ,,.

4 |'in Tables 1 and 2, respectively, ne complete
experimental matrix on thermal mixing (TEMll) H, m !| | . ,

| 'Lis summarized in Table 3. These data repre. 1
--

~

sent a comerstone of the total available data nu j

base _ because they ur8 gely combine full. scale j;t T
| ,

'
(prototypic) pressure / temperature conditions in j, ';'
a large reactor.like geometry. In fact, as seen - ........ :

-in Figure 6, with the exception of the relatively Y W
' Lsmaller cold. leg diameter (19 vs. 76 cm) and

downcomer gap (13 vs. 26 cm) dimensions, the "";" '7"*
IIDR is essentially a full-scale representation ge 'y ;

'

of a PWR Another unique aspect of these tests ) ;

is the stress (strain) measurements on the vessel $ d '

wall. :-

As aircady mentioned, the complete TEM 11 w , ,

series tests have been very favorably compared f'

with the REMIX predictions; indeed, blind pre- e a n- n.,

- test ' calculations of the first two tests provided
excellent predictions of the test data. As we will
see in section 3, with accurate thermal bound. Figure 6. Schematic scaled representation _,

~ ary conditions the measured stress fields are also of the IIDR in relation to the world integral |

easily predictabic by a full 3D finite element thermal mixing facilities for PTS.
model.- Application of these tools to reac_ tor

_ _
,

geometries indicate considerably different trends with repArd to the issues mentioned in the intro. I
duction,- The purpose of this section is to provide the thc.. aul-hydraulic similarity considerations ;

necessary to understand some of the origins of these differences. Stmetural considerations enter
this understanding also; these are developed in section 3.

_

The tiratification behavior has been shown to be ualversally represented by two dimension.
less groups (Theofanous & Y- 191), namely*

-1/2" ' ' '

Frnpi,ct = 2Dct and D* = Det/Drivi (4)Act pnet
.

-

LWiien they are matched (in two different systems with the same T,,, and Tupi) the difference i

|in cold stream and hot stream temperature is also matched. The actual solution is embodied in
-the intersection of two plots such as those shown in Figures 7 and 8. -Figure 7 represents the
entrainment in the llPI plume (MRI_in Figure 1), and it is parametrized by D*, the value of--

;3.8 being appropriate for the llDR geometry. For a PWR with D* = 2.0 the result is shown

* Note that-with these definiti_ons, Frnet = Frnr1.ctD.s/2,

0-
u
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Table 1. Geometric data of IIDR full 4cale test facility. !
Injector diameter: 5.0 cm :

$Cok! YeucP tract imp Core Thermal
!leg ikwnavner Henum - INmp Seal llanel Shield

Inner Diamecr(em) 18.70 296 00 266.00-. ... ... ...

Length (em) 600 00 694.26 694.26..+ .- --. .--
7

Base Metal Wall ;

Thickness (cm) 1.52- 11.20 17.10 .- -- 2.30 ...

f

Clad Thiciness (cm) O.80 0 80 .-- ... .. ...-..

Insulation Thkiness
j(cm) 10.00 10.00 10.00 .- ... ... ...

Wallllcat Trarisfer !

Area to Water
(cm2) a 104 3.52 64.5 6 23.35 58 02... ... .-

fluid Volub( _l.65 78.47- 129.80(cm3) x 10 ... ... -.. ...

P

.

ITable 2. Geometric data of a US PWR.+
Injector diameter: 25.7 cm

- Cold Vesselt Lower Lat Core Thermal
leg Downcomer Plenum Pump Seal Banel Stveld

76.2 375 9Inner Ihanuter (cm) -- 76.2 436.9 .....- ...

456.1 685 3Length (cm) ' 623 7 685.3 .-.. ...

6.35 4.45Tiane Metal Wall 6 35 21.9 !!.1 -..... '
Tiuckness (cm)

.. 1

0318Clad'!hickness (cm) 0 318 0.794 0394 ...--

Insulation Thickness 0.30 0.30 0.30 ~.-. . 0.30 ' -.-
,

(cm) .
...

Watllies transfera 1.49 2.35 0.745 b 1.09 2.02

Arca to Wae{j.((em2)g jty

internal aructures: .--

D3.08.lleat Tnsnafer Area -.. ...-. .. .--

- |(cm2) 104) .4-

6.35-thickness (cm) ... .--... ... --.
... .

11uid Volumfj ''2.84 5.76 5.46 3.17 2.05 2...

S((cm )a 1(r
- _ _ . - .,

{~ Per cold leg.8

b Pump casing and irsemal structures have teen lumped to 33,700 lb equivalent of stainless steel ,

Calvert Chus 11 rut I

|.

7

U
. .-- - ,,a,' - _.~ ,.

_
_._,-.._,__,---,,,~_,.,6,.
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Table 3. Test conditions of IIDR full-scale experiments

% '"" ' " " I ' w,1m in t nmr e
(n (T) fig o

T4211 Eu 20 0 12 01
T3212 300 20 0 24 01
13213 N 20 0 \? O5
13214 330 20 0N O6
1,$ 2 13 DO 20 0 4J 11

I1321 g Do 20 1 49 20
1321 g RO 20 2 17 32
T32 20 150 20 2 30 5 '1

T32 21 300 20 $'6 ~4

T32 22 3W N 2 37 32

T32 31 3+ 29 0 12 OI -

gr32 32 VG 2J O 24 0L
132 33 300 ?g 0 37 05

,
300 20 0 49 06*T32 3a

T32 36 300 20 0 99 13
T32 41 303 20 1 44 20

_.

T3251 300 20 0 49 06
T32 52 DO 20 0 99 13

3Tt2 57 300 20 14 h 2o
1325n 229 20 0 74 13
T32f1 150 20 0 32 13

in Figure 9 (similar plots for D* values in the range 2 < D* < 10 can be found elsewhere,
Theofanous & Yan 1991). Figure 8 represents the counter-current flow requirement at the cold-
leg downcomer junction expressed by

Fr2 + Fry, = 1 (5)

This figure is parametrized by p' = pi,/pc and d. For reactor (and ilDR) conditions U.S s
p' < 1, and the resuhs vary insignificantly in this range. The parameter # expressrs whether the

-

system geometry allows back-flow of the cold stream, towards the pump and loop seal volumes.
When back-ilow is possible and the pump and loop seal volumes represent a sign:ficant fraction
of the total volume of the system, the d = 1/2 is appropriate. When such back-flow is not
allowed, we set # = 1, and the r sult is shown in Figure 10. Returning now to the solution,
the intersection (choose the one with the lower value) at the same value of Fr ivi,ct, yields
the dimensionless entrainment rate, in the plume region, i.e., Q* = Q,/Gnvr From Q' the
cold stream temperature, Tc, and the downcomer plume " source" temperature, T can be simplyp

obtained from
pile! Trier + p,, Tm Q*

pilvi + pm Q*

1

T, 2 ;;(Tc + Tm ) (7)
_

Applying this procedure to llDR test T32.18 (Quet = 1.49 kg/s, Tn vi =20 'C) we find
Fruvi ct = 0.07 and from Figures 7 and 8 we read Q* = 1.1. With Tm ~ Tm(0) = 300 "C,
i.e., early in the transient, we shus obtain T< = 143 *C and T, = 221 *C; that is Tm - T, = 79
*C. Using an IFTS plant (Calvert Cliffs as an example with Qupf = 13.5 kg/s, Tuvt = 32 C)
on the other hand we obtain Frnvi,ct = 0.022 and Q* = 3.8 (d = 1/2, Figures 8 and 9). For

S l

|
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T,,, ~ T,,,(0) = 277 *C, this translates to Tc = 214 *C and T, = 245 *C; that is T,n - T, = 32
*C. Even for Qnvi a 20 kg/s, the Q' decreases to 2.4, which yields T, = 100 *C, T, = 231 *C
and T,n -T, = 43 *C, A major discrepancy on the severity of stratification between the plant and
the llDR " simulation" is evident. In fact, a much better simulation is provided by another llDR
test, the T32.34 (Qnvi = 0.40 kg/s T,n ~ T,,,(0) = 30S *C, Tnvi = 20 *C). From Figures
7 and 8 we read Q' = 2.5, which yield Tc = 203 *C and T, = 250 *C; that is T,,, - T, = 52
'C, Incidentally, ignoring the back flow in the Calvert Cliffs calculatlon (d = 1) would yield 1

(for Qupt = 13.5 kg/s) Q' = 3.5, Tc = 210 *C and 7' = 244 *C, i.e., the sensitivity to this,

parameter is not great. ;

Turning next to the downcomer plume, its " strength" and hence the degree of departure
from symmetric behavior are strongly related to how cold the plume is at its source (T,) in
relation to its surroundings (at T,n). From Equations (6) and (7) above we have

;

Tm ( f ) - T, = F'"" ~ " "# b =
#'"

(8) .

,

2 1 + f,Q * pn pi |
!

During a cooldown transient d increases slowly from 0.76 to 1 and Q* decreases very slowly i

from its initial value to less than 1 (note that the Q* change is due to the h change). In fact, !

actual computations (with REMIX) indicate that the two variations compensate cach other such
that the plume " strength" rer ains nearly a constant fraction of T.,,(t)- Turt. Specifically, this
factor is 0.27, 0.19, and 0.15 for llDR/T32.18, IIDR/T32.34, and the Calvert Cliffs example
mentioned above, respectively. The nature of the thermal stress transient, and the role of the !
plume in inducing significant departures from the approximate ID treatment, must therefore be j

undentood in terms of the time constant that characterizes the T,n(f) transient itself. |

The global cooldown transient, Tm(t), is characterized, primarily by the system volume
3

(F) and the injection flow rate (Qur!), combined into a system time constant, r, '

Tm(f) - Tuvi F~ e ,/ r* r* = (9)
-

Tm(0) - Turt Quei

where Qupfis the total injection rate in all the loops. The llDR tests involved only one- ;

4loop injection; hence, the r, is rather large: 1.4 x 10 s and 4.3 x 104 s for T32.18 and T32.34,
respectively, as compared to a value for the Calven Cliffs example of 1.3 x 10' s for Qn vi = 13.5
kg/s and 0.0 x 102 s for Gnvi = 20 kg/s. This means that even test T32.34, which, as discussed
above, provides a good simulation of the stratification, badly misses (to simulate) the thermal :

stress behavior.* Specifically, in llDR we obtain relatively steady plumes in extremely slowly
varying surroundings and the measured stresses are essentially all due to these plumes; while in .

Calvert Cliffs (or similar reactors) we obtain plumes of rapidly (in time) diminishing strength in !

relatively rapidly varying surroundings, i.e., the plume-induqed stresses diminish in comparison
- to stresses due to the global cooldown - the latter being uniform and hence more in line with -

a ID treatment. This suggests that an effective screening for multiJdimension.il effects could be
made on the basis of the interplay between plume strength and global cooldown; the details are
presented in section 4.

* This is exacerbated by the considerably thinner llDR wail (12 cm) compared to that a a
large PWR (22 cm). !

'
9

a - - - - , - . _ . . - . . - . - - - . - , - . - _ _ _ _ _ _ - - _ - - - -



- -- _

10 ,j,,iij,,,,;,,,,j>,,, ; j,,,, i,ii,, , , i , , ,, , , , , , ,

-.

D* = 3.s --

0
.

-

.

.

. .

. .

8 - -

- -

- -

. _

. .

7
. .

-

.

.

.

. .

6 - -

. .

. .

.

~# k"

CY 5 ~

%

% ~

.

. _

4
_

-

.

_

- _

. .

3
_

-

. .

g ::
2 -

~

N ~s -.
s

1 M D g%
>

.
-

_

a'
- 1 i i i 1 1 i i t 1 i 1 1 i t i e i it t i a t I t i 1 i t t i

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.0 0.9
.

(
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For the stress analyses of section 3 we also need the shape of the downcomer plumes. From
the data, it appears that the HDR plumes are well> having (i.e., steady, straight-down descent)
and well-characterized (a lot of measuring points); hence, they are ideal for our purposes. Note
also that since T32.34 provides a good simulation of stratification in a PWR, the plume behavior
in it is also most appropriate. It turns out that when the local plume temperatures are normalized
by the plume " strength," T,,, - T,, discussed above, even the very severe T32.18 plume takes
on a quite similar form. These two experimental plumes are shown in Figures 11 and 12. In
teims of stresses, and the discussion in the introduction, we expect that the plume of T32.18 is
slightly more severe than that of T32.34, and both are well bounded (in severity) by the plume
of Figure 3, used in conjunction with REMIX.

In closing this section, it may be worth remarking that both the stratification and transient -

- cooldown solutions utilized above are in excellent agreement with the more detailed REMIX
results, and the quality of comparisons with the HDR experiments T32.18 and T32.34 at the
locations of interest (the elevations in Figures 4 and 5) are shown in Figures 13 and 14, respec-
tively.

3. TIIERM AL STRESSES AND SIMILARITY CONSIDERATIONS

The thermal stress computations were carried out with the computer code AB AQUS (Version
~4.8) using a three-dimensional finite element model, in a planar geometry, as illustrated in Figure
15. The fine-mesh regions can adequatcly represent the " hole" corresponding to the cold-leg
nozzle as well as the thermal gradients within the plume beneath it. The large-mesh zones were
incorporated so as to add an adequate amount of wall material surrounding the plume as is the
case for the intended simulation. 'his plate model was fully encastered in all its four sides. As
such, it is applicable to situations where the plume remains in steady surroundings (as in the
HDR tests) with minimal restrictions on the duration of the transient. For transients involving
also global cooldown, the applicability is restricted to short (conduction) penetration times. In
both cases the idea is that thermal stresses in the cooled regions are accurately developed (in
the model) as long as there is sufticient material in the initial state (" hot") to resist motion. -

Under these conditions a plate model free on all its four sides actually yicided the same results.
Comparisons with the HDR data (at 7 and 14 minutes) justify this position for the plumes-only
case. To judge the effect of global cooldown time (on the model accuracy) we compared the
plate model prediction with a cylindrically symmetric full-vessel model, both driven with a
sudden change on the inside wall temperature. The results for a reactor vessel wall of 22 cm in
thickness are shown in Figure 16, indicating that the plate representation is quite adequate for
at least up to 100 s. At this time, the thermal pene* ration (6 ~ 26i) corresponds to 32% of
the_ wall thickness. The full-vessel, cylindrical finite element model is used, below, to compute
stresses in the ID approximation. According to the IPTS procedure, these calculations are based
on a global cooldown referred to the T,(t) transient. Thus, as a matter of nomenclature in the
following, ID results refer to the cylindrical model and 3D results refer to the plate model. Note
that the ID model does not contain the cold-leg " hole." As illustrated in Figure 17, this results
in an overprediction of stresses in the immediate vicinity of the " hole."

A first set of results is contained in Figures 18(a), (b) and (c). All these results are for
7-min transients in HDR test T32.18 (18a), test T32.24 (18b), and a hypothetical Calvert Cliffs
transient (18c) run in the manner of the HDR tests, i.e., with only i nozzle injection and negligible
global cooldown in 7 minutes. For the HDR cal ulations _we used t_he respective experimental
plumes (Figures 11 and 12), while for the reactor example we used the plume of Figure 12.
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The experimental data from T32.18 are shown in Figure 18a, and are found to be in reasonable
agreement with the computations Note that the error in a, is larger than in a . This is attributedy

to the larger uncertainty in the assessed plume widths (in Figure 11) as compared to their lengths.
~

What is clear from Figure 18 is that the area of non-conservative quantification (for brevity we
will call it the " area of non-compliance" or ANC), in the ID approximation depends not only
on plume strengths but also on certain additional parameters. We see that due to the increased

_

strength of T32.18 relative to T32.34 the ANC expands from ~ 4f/D to ~ 5.5f/D. On the other
hand, for the reactor case it shrinks to ~ 2.5f/D even though a plume similar to T32.34 was
used. Otherwise, the distributions are similar and strongly non-uniform, giving the impression
that the ID approximation is truly inappropriate, i.e., either strongly conservative (lower part)
or strongly non-conservative (upper part). A global view of the stress pattern for the cases of
Figure 18 is given in Figure 19.

One of the interesting features of the experimental data (Figures 4 and 5) is that stresses
vary only very slowly with time. This indicates that they are primarily the consequence of
plumes - only slight cooldown in the time period covered - and a mechanism similar to that
discussed in analytical terms in the introduction. This behavior is also borne out by the finite
element results. This is illustrated in Figure 20 depicting both calculations and data at 14 minutes
into the transient. As another example in the other time direction, Figure 21 depicts the stress
fields at 1 minute into the hypothetical IIDR-like transient in Calvert Cliffs. It is interesting that
although the stress levels for very early times are higher overall, the ANC remains relatively
unchanged.
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Finally, to assess the role of globd cooldown in combination with the plume stresses a
representative reactor case was run, with all four llPl nozzles activated. The cooldown and
stratification (from REMIX) are those of Figures 2 and 3. The predicted stress distribution at 60
and 100 seconds are shown in Figures 22 and 23, respectively. Note that the ANC is restricted
to less than ~ 2.5f/D and the real (3D) stress levels as they rise with time yield an increasingly
more uniform distribution approaching. in the rr tion of PTS interest, the ID result. As the core
mid-height is typically at ~ M/D, the region 0 < f/D < 2.5 is comparatively less irradiated
and hence of no interest for fracture analysis.

4. GENERALIZATION OF RESULTS

The transient conduction / stress problem is characterized by four length scales, the imposed
-

cooldown time and temperature scales, the structural and thermal properties of the wall material, ,

and the time scale for conduction to be limiting (beyond this time the wall surface temperature
is essentially equal to the fluid temperature). In the following we discuss each one of these items
(in reverse order) for the purpose of deducing the basic scaling criteria for reactor simulations,
be they experimental (as in llDR) or analytical (as in those made in this report).

The time scale, r , for the onset of the conduction-limited regime can be estimated fromc

kpc
rc ~ 10 (10)

ihe heat usfer coefficients in the upper and middle plume regions (these are the regions of
higher stre ;e> as seen above) are quite high (lyer & Theofanous 1991a), with typical values
around 5000 W. m2 K; thus the rc is of the order of only 70 s. The role of this extremely short,
initial portion of the transient is to moderate the thermal stresses in the wall, and this role is
strongly interactive with that of the cladding (both in structural material and thermal resistance).
Focusing on the main theme of this report, we will ignore this role-this is conservative.

The structural and thermal properties of the wall material in HDR are typical of reactor
~

pressure vessels, and there is no need to be included in this scaling analysis. In the analytical
simulations we will take them to be fixed at the nominal values utilized for the llDR test
comparisons above.

The imposed temperature scale is defined by the initial system temperature, T,,,(0), and
the " cold" safety injection temperature, Tuv;; that is, Tn,(0) - Tuv1. From Equation (9) this
overall temperature scale translates to the instantaneous temperature scale, through the system
cooldown time constant, r,, i.e.,

y
Tn,( t ) -- Tu e t = (T,,,(0) - Tu vi)c-'/ o r, = (11)

Quel
or

Tm(0) - Tm(t) = (Tm(0) - Tu et )('1 - r ~'/n ) (12)

With reference to Figure 24, this instantaneous temperature scale is seen to control the thermal
gradients in the wall material outside the plume. The instantaneous temperature scale within the
plume, Tm(0)- T,, can be derived in a similar way from Equation (8),

1 T (t)- Turr - pmm
(13)Tm ( t ) - T,( t ) = -

.

' _

2 1+jiQ*
'o=

pn vi
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and in combination with Equations (11) and (12) we have

Tm(0) - T,(t) = (Tm(0) - THP1) (1 - c~'/'')~Ie '/"* + 2(1 + pQ*))
~ /r-t

-

(14),

Again, as seen in Figure 24, this controls the temperature gradients inside the plume region.
Now, besides the system time constant, r,, we also have the normalized entrainment rate, Q*,
and the density ratio, p. But already we know that Q* scales with the Froude number and the
injection-to-cold-leg diameter ratio, i.e., )

Q* = Q*(FrHPI,CL, D*) (15)

while for the same initial and safety injection temperatures the transient will also scale with
the system time constant, r,. Moreover, as we have seen, the two-dimensional plume structure
can be represented by

|

Tm(t) - T(t) I

6 = Tm(t) - T,(t) = f(z/Dct,t/Det; Q*) (16)
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where the Q* dependency is_ weak. Thus we conclude that all intemal instantaneous temperature
scales (i.e., those that control the stress-generating gradients) are scaled, on the basis of the
overall, imposed, temperature scale, T,,,(0)- Tupi, through the following dimensionless groups

t/r,, Fruer,ct , D* (17)

- the positional mapping, in the downcomer, being simply on the basis of x/Det and t/Det.

Finally, the four length scales (see Figure 24) can be identified as the vessel wall thickness,
(, the cold leg diameter, .Det, some characteristic scale for the plume clongation, (, and the
thermal penetration length scale ~ s6i. They yield three dimensionless groups:

(/ Dot, (/Det and (/s6i (18)

The first of these groups can be considered as fixed, the second is only weakly dependent on |

the plume strength (i.e., Frnvi,ct and D*), while the third group plays an essential role in the
development of the stress field. It can also be written in terms of the penetration time constant,
r , as:p

r/t where r = (2ja (39)p p

expressing the c: .nt of thermal gradient in the wall at any panicular time, f, in the cooldown
transient.

From the above, for geometric and Froude number similarity, the.whole cooldown/ stress
problem can be scaled with only two parameters; namely, r /r, and r /t.p p

Regarding the behavior in relation to the .
r /t group, the plate model, valid only for up to
r ~100 s as already discussed, became rather re - M Mp

strictive. Thus a full-vessel, three-dhnensional, '

g
finite _ element model was set up as shown in g'
Figure 25. Benchmarking of this model with p
the measured stresses in HDR was even better o
than found for the simpler plate model (Figure 5
26 vs. Figure 18a). This model was then exer--

-

cised, in conjunction with REMI.'' predictions of
- -

temperature histories ' applied as boundary con- Q
ditions on the inside surface of the vessel,- to =
cover a wide range of the r /r, and r /t scal- n-~

g g "ing groups developed above. Starting with the
E'Calvert Cliffs characteristics variations in system

volume, and transient' time were made to cover II
the range of potential interest in these scaling H-
groups. A listing of all computational runs made B
is given in Table 4 and the results are collected 'g]p'' q:-
m the appendix All these calculations were run
for single plumes as test cases showed that 3 or
4 circumferentially spaced plumes produce es. Figure 25. Mesh for full-vessel finite
sentially the same results, element model.
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Figure 26. Stress distributions in the HDR wall test T32.18 at t = 7 min. - - - predicted
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Qualitatively, the results can be distinguished in three classes, as illustrated in Figures
27(a), (b) and (c); Figum 27(a) represents a strongly non-conservative behavior of the ID
approximation Figure 27(b) shows a strongly conservative one, and Figure 27(c) shows a cases

where the 3D results are very close to the ID approximation. Quantitatively, the " figures of
merit" in assessing the impact of the ID approximation can be summarized in terms of four
parameters:

(a) ANC: The downcomer length (in t/D's) for which the 3D
stresses am higher than the ID

(b) A = "";';"'" x 102: A measure of peak discrepancy between the 3D andi

ID results

(c) A = #~"~"[U"O x 10 : A measure of the deviation of the 3D result from the2
2 ,

flat ID one, over the upper half of the downcomer

(d) 6 3 = "~"-"";'D"20 2x 10 : A measure of the deviation of the 3D results from the
flat ID one, over the whole 10t/D's of the downcomer

For example, these parameters, for the three comparisons of Figure 26, in the order given above
are:
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Table 4. List of computational runs '

Runs from 21 to 2-10 are for Calvert Cliffs teactor.
Others are obtained by varying the system volume only.

Run # T,(s) t (s) t(s) Tm('C) T (*C)3p

11 3572 5095 20 275.0 220.8
12 3572 5095 60 272.4 248.0
1-3 3572 5095 120 268.3 244.2
1-4- 3572 5095 240 260.7 237.0 *

l-5 3572 5095 420 250.0 228.0
1-6 3572 5095 600 241.6 218.5
1-7 3572 5095 1200 217.5 195.0
1-8 3572 5095 1800 199.4 177.5
1-9 3572 5095 2400 185.3 163.9
1 10 3572 5095 3000 174.0 152.6

21 1324 5095 30 270.9 246.6
2-2 1324 5095 60 265.3 241.3
2-3 1324 5095 120 254.9 231.2
2-4 1324 5095 240 236.7 213.8
25 1324 5095 420 214.2 191.8
2-6 1324 5095 600 193.7 174.0
27 1324 5095 1200 152.3 131.4
2-8 . 1324 5095 1800 125.0 107.7
2-9 1324 5095 2400 106.7 92.5
2 10 1324 5095 3000 94.2 81.9

3-1 637 5095 30 265.0 241.0
3-2 637 5095 60 255.0 231.3
33 637 5095 120 238.5 215.6
3-4 637 5095 240 213.9 191.5
3-5. 637 5095 420 188.6 167.1
36 637 5095 600 171.4 150.1

.3-7 .637 5095 1200 140.2 120.4
3-8 637 5095 1800 126.2 108.7
3-9 637 5095 2400 119.0. 102.7
3-10- 637 5095 3000 114.9 99.3

4-1 12016 5095. 30 276.2 251.6
-4-2 12016 5095 60 275.5 215.0
4-3 12016 5095 120 274.2 249.7

-- 4-4 |2016 5095 240 271.8 247.4
4-5 120!6 5095 420 ~ 268.3 244.2
4-6 12016 5095 600 265.0 241 1
4-7 12016 5095 1200 255.3 231.6
48 12016 5095 1800 246.8 223.5
4-9 12016- 5095 1400 239.3 216.3
4-10 12016 5095 3(/X) 232.5 209.8

,
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For example, these parameters, for the three comparisons of Figure 26, in the order given above
are:

Figure 27(a): 6 = 50, A = 45, and 63 = 572

Figure 27(b): Ai = 15, A = 60, and A3 = 792

Figure 27(c): A = 4, - A = 10, and A3 = 13i 2

The results from all computational mns are summarized in Figures 28, 29, 30 ano 31,* Prom
the following explanation of the trends and meaning of these rnaps, it should become evident
how they are to be used for particular applications. Note that for such applications in addition to -

figuring out the pertinent r and r, values one will need to decide the duration of the transientp

of interest (t) and also the extent of the downcomer area of non-interest (A.NI), because of lack
of welds, or embrittlement, expressed as f/D's from the cold-leg centerline,

150 - , ,
; .r; ;., , . , ,. . . . ., ,, ,

.

_
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, , - .... , -e
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[ . -{ -
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_ .f
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.
-

~

,

-

I I 'i'' I ' ' ' ' ' ' ' '' ' ' ' ' '

-0 ' ' ' '

-0 2 4 0 8 10

L/D

Figure 27(a), Stress distributions predicted by the vessel model compared to the ID IITS
prescription, r, = 12010 s, r = 5095 s and t = 3000 s,p

,

* Rese figures also contain the IIDR benchmark of Figure 26. Note that ''9ct for IIDR is
0.63 as compared to a value of 0.29 for calvert cliffs, so strictly speaking the. EIDR results do
not belong (they do not satisfy geometric simmilarity). Ilowever, the two time ratios dominate
in any case, and the comparison shown is still appropriate.
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Figure 28. The downcomer length in UD for 'which the prediction of the vessel model is higher
than the ID IPTS.

'Ibrning now to Figure 29, we note that At is strongly dependent _ on r /r,; as r /r,p p
increases A decreases, approaching zero for r /r, 80. We also see that the r /t dependencet g p

has a minimum, going back up again as the r /t decreases below a value of ~10. Typicalp

values for reactors are r /r, = 4. For the HDR test T32.18, r /r, = 0.1; thus the stronglyp g
non-conservative trend in Figure 4 can be~ attributed to the atypically low value of r /r,'in theg
HDR. For r /r, < 1, the bahavior exrresses a very slow cooldown in relation to conduction -p

across the n ,sel wall, and as may be eq:cted, the ID approximation fails completely. In fact,
at this limit the behavior is very much like the analytical ellipse results given in the introduction,
i.e., high anisotropic stress levels (within the plume) v hich are much higher than those computed
in the ID approximation. At the other extreme, r /r, >> 1, anisotrcphy is strongly disfavoredp
as the rapid (in relation to conduction) global cooldown drags Tj down with it as the transient
continues; thus the ID stress field follows closely that developed in the plume region. To get into
the r /r, range of lower than 2 for a reactor, the cooldown time constant must be over 2,000 s,p

i.e., the injection rate must be so slow that there would hardly be any plumes! Thus the region
of " difficulty" cannot be approached under any circumstances with all IIPI nozzles injecting.
These trends are exactly analogous for the A and A3 indices, as shown in Figures 30 and 31.2

In a combined use of these figures we note that a large value of A or A3 in combination with a2

small value'of A means that the ID approximation is highly conservative for most of the areai
of the downcomer, while when all A , A , A are small the a:'ual behavior is very much likei 2 3

ID (as in Figure 27(c)).
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Figure 30. Map showing the deviation of the 3D results from the ID IPTS one, over the upper
half of the downcomer.
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5. CONCLUSIONS -

c The applicabili'y of the HDR tests to RPV wall stress behavior is shown to be remote in a
subtle way The primary reason for it is the 1 nozzle injection employed in these tests, but also;

the higher, than appropriate, injection rates contribute. The generalized regime maps together
with the universal stratification solutions presented allow an a priori assessment of the possible' .

"

t area of difficulty in the'lD IPTS prescription. Also, these maps can be used to predict the
-| general behavior of the 3D stress level on the basis of lD stress results.
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h Al'I'ENDIX

! DETAILED STRESS DISTRillUTIONS FOR All. COMPUTATIONAL RUNS
L

The fi;;ureti in th appendix, o,, - e,, and tne horiwntal - , are Leyed by
means of the computational run number and the table below to respective conditions.

_

Table A.I. List of computational mns
- Runs from 21 to 210 are for Calvert Cliffs reactor.
* Others are obtained by varying the system volume only.

Itun # T.O) T O) t O) T CC) T3.Qmp

l.1 3572 SCn5 20 275.0 2208

12 3572 5095 60 272.4 2480
: 13 3572 5095 120 268.3 244.2

14 3572 5m5 240 260.7 237.0

15 3572 5095 420 250 0 228.0

14 3572 5095 600 241.6 218.5

17 3572 5095 1200 217.5 195.0

18 3572 5095 1800 199.4 177.5

19 3572 5095 2400 185.3 163.9

1 10 3572 5095 xx0 174.0 152 6

21 1324 5095 30 270 9 246 6

22 1324 5(n3 60 265.3 241.3

23 1324 5095 120 254.9 231.2

24 '324 5095 240 236.7 213.8

25 '24 5095 420 214.2 191R

2-6 !4 5095 600 195.7 174 0

27 !4 5095 1200 152 3 131.4

2.R 24 5095 1800 125.0 107.7

2-9 u24 5095 240 106.7 92.5

2 10 1324 5095 3000 94.2 81.9
-

31 637 5095 30 265.0 241.0

3 637 5095 60 255.0 231.3

33 637 5095 120 238 5 215.6

3-1 637 5095 240 213.9 191.5

35 637 5095 420 188.6 167.1

34 637 5095 000 171.4 150.13
-

3-7 637 5095 1200 140,2 120.4

38 637 5095 1800 126.2 105.7

39 637 5095 2400 119.0 102.7

3 10 637 5095 3000 114.9 99.3

41 12016 5095 30 276.2 251.6

4-2 12016 $@$ 60 275.5 215.0

43 .2016 5095 120 274.2 249.7

44 12016 5005 240 271.8 247.4

4-5 12016 5095 420 2683 244.2

44 120)6 5095 600 265.0 241.1

47 12016 5095 1200 255.3 231.6

48 12016 5095 1800 246.8 223 5

49 " 016 5095 2400 239,3 216.3

4 10 a J16 5095 3000 232.5 201H

A-1
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