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ABSTRACT

The thermal figld in g reactor vessel downcomer and resulting thermal/stress response in the
adjacent reactor vessel wall during high-pwessure safety injection are examined, especially with
regard 10 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
condugtion and stress fields in the vessel wall are developed to provide generalized critena for
the adequacy of the one dimensional treatment.
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NOMENCLATURE

cross-section area of system component ¢

minor ellipse semiaxis

major ellipse semiaxis

specific heat

diameter of cold leg

= D¢y /Dypr diameter ratio

diameter of fluid stream, or system component
=d./Dey,

depth of fluid stream

Young's modulus

=« U {D,gdp/p) "%, Froude number of stream 1

~1/2
= (Quri/AcL) {gD(;L%l} : , superficial Froude number in the cold leg
acceleration due to gravity
heat transfer coefficient
thermal conductivity
vertical distance from cold-leg centerline in downcomer toward lower plenum
HPI mass flow rate
volumetric flow rate of stream 1
= Q./Qup; dimensionless entrainment rate
temperature
time
velocity of fluid stream +
volume of the whole system
horizontal distance from the cold-leg cer _rline in downcomer

ce tficient of thermal expansion, or thermal diffusivity
fraction of entrainment from downcomer side
temperature difference

o= p, where |, the two streams to which Fr is referred to
ther mal on length

elongation of the plume

= =4, dimensionless temperature

thickness of vesse! wall

density of the fluid stream ¢

= pa/PHPI

= pm/PHPI

stress

characteristic time scale

cold stream, or conduction
cold leg
entrainment




NOMENCLATURE (cont.)

high pressure injection

hot stream

the position of 20 from cold-leg centerline down into the downcomer
well mixed or “ambient”

initial

thermal penetration

system

horizontal coordinate

vertical coordinate

X1



L INTRODUCTION

Thermally-induced stresses in @ reactor pressure vessel (RPV) wall, sy a result of high
pressare safety injection (HP1) are an essential component of iniegrated risk analyses of pressur
ized thermal shock (PTS) transients (Selby et al. 19854, Selby et al. 1985b). Limiting cooldowns
(L.e., the mout severe conditions) arise when this irijection occurs under stagnated loop conditions
(loss of naiural circulation due to vonding in the steam generator tubes) which, in tum, corre.
sponds to a rather narrow range®* (in size) of small-break loss-of-coolant accidents (Theofunous
et al 1989). For a given system the actual break sizes in this range can be determined from the
HP1 pump characteristic. This characteristic also ties in the corresponding injection flow rates
and system pressures whicn are the key parameters conceming cooldown and state of stress.

Even though the net loop flow is zero, the cold safety injection causes a recirculating flow
pattern that involves (in mixing) all pans of the primary system that can be reached from the
peint of injection by & 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 10 the decrease of 7.,
the mixed mean temperature, which physically represents the fluid temperature in the lower
plenum, and in the downcomer outside the plume regions. Tlie 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 T,,; thus the degree of stratifization reflects also the initial
“strength” of cold plume created by the spilling of the cold stream into the downcomer. This
flow, and thermal field, structure is the basis of the Regional Mixing Model (RMM), and the
associate computer programs, REMIX and NEWMIX, utilized in the NRC Integrated PTS study
(Iyer & Theofanous 1991a), and it has been confirmed experimentally (lyer & Theofanous 1955,
Iyer & Theofanous 1991b); & comprehensive comp-rison with data in experimental simulations
ranging from 1/5 to full scale has been compiled recently (Theofunous & Yan 1991)

For the IPTS plants (Calvert Cliffs, H.B. Robinson and Oconnee) the degree of stratification
wits found to be minimal, and this behavior is expected 1o be applicable to the vast majority of
US-designed plants (Iyer & Theofanous 1991a). Quantitatively, this stratification behavior, along
with the predicted cooldown, can be summarized in the form 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 1 also) is that it characterizes, in an approximate fashion, the
“source” of the planar downcomer plume. Guided by experimental data, this “source” point i
taken at 2 cold leg diameters below the cold-leg centerline (lyer & Theofanous 1991a). Below
this point the cold plume decays in the manner shown in Figure 3 (obtained from well-known
plume decay laws, 1.e., Turner 1973). Above it there is a very complex, three-dimensional,
temperature/flow distnibution and mixing pattern that although unknown in detail seems to have
been adequately characterized as producing an equal volume mixing between the cold stream
and the ambient downcomer fluid (this is how T, is computed). As a rough approximation

* In general, larger breaks lead to system depressurization, while for smaller breaks the HPI
is sufficient to collapse the steam generator tube voids leading to reestablishment of nataral
circulation. The former case is clearly of no interest to PTS, while the latter leads to cooldown
significamtly 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.
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Figure 1. Schematic representation of th2 Regiunal Mixing Model (RMM),

in REMIX/NEWMIX, the temperature field in this region is obtained by linear interpolation
between T, and 7).

In the IPTS, the stress analysis was carried out in a one-dimensional (1) approximation
believed to conservatively bound the stresses everywhere in the RPV wall (Cheverton et al
1984, Selby et al. 19854, Selby et al. 1985b). Specifically, the 7', 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

is tantamount to imposing (within a few degrees) the 7', transient directly on the inside
fa_e 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 1D treatment may be highly non-conservative. 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 1o be numerous, in the years to coine, as
planits age and come up against the specified PTS screening critenia.

The concern is simply illustrated with the help of Figures 4 and §, reproduced from Geifs
(1987) which seems to be the source of the material presented by Neubrech et al. (1988). Exactly
the same, non-conservative, trends were shown also for strains. Note that the positions to which

2
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This measured, strongly asymmetric, stress field is related to the elongated plume structure
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 difference
of AT, and major and minor ellipse semiaxis b and a aligned with the y and » coordinates,
respectively, we have

e )
F, = l’{::—-’:juh\'f (1)
b
o = B vt O T 2
oy P"+bu.31 (2)
Thus :
o
4 R (8)
g, 4

and the stress asymmetry increases with the elongation of the eliipse. 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
guantitatively the impact of this concern on reactor predictions and to examine under what condi-
tions, if any, the 1D treatment is adequate. The reason for this latter aspect is that in the scope of
an 1PTS study a very large number of wall stress calculations need to be carried out to properly
sample the space of uncenainty in the key parameters, and transients, that have to be considered,
as a consequence, & full 3D treatment becomes rather impractical, The purpose of this report is
10 provide some results relevant to these goals. We begin, with section 2, by discussing similanity
of stratification and associated fluid thermal transients in the downcomer. We demonstrate that
the particular HDR test (T32.18) chosen by Geifl (1987) and Neubrech et ai. (1988) suffers
from gross dissimilarity to US reactor conditions. We find another HDR test, T32.34, 1o provide
a very close simulation; unfortunately, no stresy/strain data have beun 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 1D and 3D treatments of the RPV and demonstrate that the 31 mode!
accurately depicts the measured stress/strain fields shown in Figures 2 and 3 (for test T32.18). As
expected, we find that the 1D treatment, based on 7, 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
centerling). By 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 mode! 1§
applied to the Calven Cliffs geometry and t.ermal-hydraulic conditions similar to those of test
T32.34, We find that the 1D treatmert '~ even more appropriate than in test T32.34; only an area
down to 2 cold-leg diameters is affected (1.e, the axial stress being greater than that computed
in the 15 IPTS approximation); that is, the 1D treatment is entirely adequate. Finally, in section
4 we generalize these structural analysis results to four simple, generalized similarity maps that
define the regions of potential difficulty with the 1D IPTS prescription. These maps show rather
clearly that all HDR 1ests are far from applicable to simulate the thermal stress ficld in a reactor
vessel wall, because they have failed (single loop injection) to represent the global cooldown,




2. THERMAL TRANSIENTS AND SIMILARITY CONSIDERATIONS

A scaled representation of the HDR in com-
parison to the world PTS facilities is shown in
Figure 6. The particular geometric data and
those relevamt to a large US PWR are shown - -
in Tables 1 and 2, respectively. The complete
experimental matrix on thermal mixing (TEMB)
is summarized in Table 3. These data repre-
sent a comerstone of the total available data
base because they vrirely combine full-scale
(prototypic) pressure/teraperature conditions in
a large reactor-like geomeery. In fact, as scen
in Figure 6, with the exception of the relatively
smaller cold-leg diameter (19 vs. 76 ¢m) and

downcomer gap (13 vs. 26 cm) dimensions, the g I
HDR is essentinlly a full-scale representation . J::-:.:ﬂ i::::_([m
of a PWR. Another unique aspect of these tests . | o

is the stress (strain) measurements on the vessel & U

wall.

As already mentioned, the complete TEMB R /

series tests have been very favarably compared y l =
with the REMIX ﬁ‘diﬂims; indeed, blind pre- v CORANE 18

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 HDR in relation to the world integral
easily predictable by a full 3D finite element thermal mixing facilities for PTS.

model. Application of these tools to reactor

geometries indicate considerably different trends with repird to the issues mentioned in the intro-
duction. The purpose of this section is to provide the th wal-hydraulic similarity considerations
necessary to understand some of the origins of these differences. Structural considerations enter
this understanding also; these are developed in section 3.

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

ap 7' |
Frupron = %-":JTL {gDc-r,p"il} and D* = D¢y /Dypy (4)

When they are matched (in two different systems with the same 7., and Ty p;) the difference
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 HPI plume (MR1 in Figure 1), and it is parametrized by D*, the value of
3.8 being appropriate for the HDR geometry. For a PWR with D* = 2.0 the result is shown

* Note that with these definitions, Fryyp; = Frypy o D*V2

¥
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|
l Table 1. Geometric data of HDR full-scale test facility.
[ Injector diameter: 5.0 cm
|
; Cold Vessel Lowet Care Thermal
[ Log Downcomer | Plenum Pump 'ﬂ Sheld
;
“ Inner Dsmeer (om) 1870 2606 00 266 00
; Length (cm) 600 00 69426 694 26
t  whetal Wall
,‘ ’ {an) 182 11.20 17.10 230
Clad Thickness (cm) 080 080
| Insuiatson Thickness|
{ (em) 1000 10,00 10.00
: wall ue: Transfer
1[4
‘: 35) X104 182 6446 234 W
‘ Volae
r ::!) % 107 168 7847 126 80
‘I
|
Table 2. Grometric data of a US PWR.*
Injector diameter: 25.7 cm
Cold Vissel Lower Core Thermai
Ley Downcomer|  Plomim Pump ‘ﬂ’ Bamre! Stueld
Inner Diameter (cm) %2 4369 o 7.2 1759
Length (cm) 6237 6853 4361 6884
Hase Metal Wall 618 29 11 618 a8
Thicknoss (em)
:: Clad Thickness (em) 0318 0.7%4 0.7%4 0018
| Insulation Thickness 030 0.40 0.30 030
‘; N
:’: %M‘ 149 23 0745 v 1.9 202
I(mg X 1'&11
r Internal tnictures:
3 '}"T""‘"?" 308"
r (om?2)x 10°%)
thickness (cm) 6348
| Pluid Vol 204 5% .46 XL 2.08 "
[femd) x 10F)

-3

* Per cold leg.
] i ;

and internal structures have been 10 33,700 b equivalent of stainiess steel
'Cdunmum s -







Tow ~ T (0) = 277 *C, this translates to 7. = 214 °C and T, = 245 °C; that is T,, - 7, = 42
“C. Even for Qupp = 20 kg/s, the Q* decreases 1o 2.4, which yvields 7, < 100°C, 7, = 234 °C
and 7., - T, = 43 *C. A major discrepancy on the severity of stratification between the plant and
the HDR “simulation” is evident. In fact, @ much better simulation 1s provided by another HDR
test, the T32.34 (Qupr = 049 kg/s, Ty ~ 13,(0) = 308 °C, Typy = 20 *C). From Figeres
7 and 8 we read * = 2.5, which yield 7. = 203 “Cand 7, = 266 *C; that is Ty, - T, = 52
“C. Incidentally, ignoring the back-flow in the Calvent Cliffs calculation (4 = 1) would yield
(for Qupy = 130 kp/t) Q* = 3.5, T, = 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 (7,) in
relation to its surroundings (at 7., ). From Equations (6) and (7) above we have

_l“T,,.(H* Turi : e

» ke (%)

# 1 o -
2 1+ pQ° PH P

During a cooldown transient j increases slowly from 0.76 to | and Q* decreases very slowly
from its initial value to less than 1 (note that the Q* change is due 1o the /i change). In fact,
actual computations (with REMIX) indicate that the two variations compensate cach other such
that the plume “strength” rerains nearly a constant fraction of 7,,(1) ~ Ty p;. Specifically, this
factor is 027, 0.19, and 0.15 for HDR/T32.18, HDR/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 1D treatment, must therefore be
understood in terms of the time constant that characterizes the 7., (1) transient itself.

The global cooldown transient, 7,,(t), is characterized, primarily by the system volume
(V') and the injection flow rate ((Q 4 7)., combined into a system time constant, 7,

Tu(t) = Turr i, e (0)
T,(0) = Ty py ' Quer

where QQy py is the total injection rate in all the loops. The HDR tests involved only one-
loop injection; hence, the 7, is rather large: 1.4 x 10" s and 4.3 x 10 § for T32.18 and T32.34,
respectively, as compared to a value for the Calvert Cliffs example of 1.3x 10" s for Qi pp = 135
kg's and 9.6 x 10° s for Qs p; = 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 HDR 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-induged stresses diminish in comparison
to stresses due to the global conldown — the latter being uniform and hence more in line with
a 1D treatment. This suggests that an effective screening for multi-dimension- | 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 HDR wail (12 ¢m) compared to that ., «
large PWR (22 cm).
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Figure 14. The vessel wall temperature transients measured in HDR (test T32.34) at positions

50 and 165 cm below the cold leg; compared with REMIX predictions.
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Figure 24, Illustration of thermal gradients and related length scales.
and in combination with Equations {11) and (12) we have

l ot (g""!ra

2(1 + pQ*)

(14)

Tm(0) = Ty{t) = (Tm(0) = Tupr) {(1 = €™/™) e ™™ 42014 Q") }

Again, as seen in Figure 24, this controls the temperature gradients inside the plume region.
Now, besides the system time constant, 7,, we also have the normalized entrainment rate, Q°,
and the density ratio, 5. But already we know that Q* scales with the Froude number and the
injection-to-cold-leg diameter ratio, i.c.,

Q" = Q" (FryprcL,D*) (15)

while for the same initial and safety injection temperatures the o transient will also scale with
the system time constant, 7,. Moreover, as we have seen, the two-dimensional plume structure

can be represented by

Tm(t) - T(t)

= =2l Z o o f(2)/Der,t/Der; QF =
Tm(t) = T)(t) flz/Dep, ] Deys QF) (16)

28



where the Q* dependency is weak. Thus we conclude that all internal-instantaneous temperature
scales (1.e., those that control the stress-generating gradients) are scaled, on the basis of the
overall, imposed, temperature scale, T,,(0) = Ty p;, through the following dimensionless groups

t/7e Frurrct . D* (17)

the positional mapping, in the downcomer, being simply on the basis of /D¢ and /D¢ .

Finally, the four length scales (see Figure 24) can be identified as the vessel wall thickness,
£, the cold leg diameter, D¢y, some characteristic scale for the plume elongation, ¢, and the
thermal penetration length scale ~ /af. They yield three dimensionless groups:

£/Dc., (/Dcy and £/Vat (18)

The first of these groups can be considered as fixed, the second is only weakly dependent on
the plume strength (i.e., Frypr o 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,
Tp, @8

./t where 7, =¢£%/a (19)

expressing the ¢: _nt of thermal gradient in the wall at any particular 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, 7, /7, and 7, /¢

Regarding the behavior in relation to the
7/t group, the plate model, valid only for up to
T ~100 s as already discussed, became rather re-
strictive. Thus a full-vessel, three-d inensional,
finite element model was set up as shown in
Figure 25. Benchmarking of this model with
the measured stresses in HDR was even better
than found for the simpler plate model (Figure
26 vs. Figure 18a). This model was then exer-
cised, in conjunction with REMI™ predictions of
temperature histories applied as boundary con-
ditions on the inside surface of the vessel, to
cover a wide range of the 7, /7, and 7,/ scal-
ing groups developed above. Starting with the
Calvert Cliffs characteristics vanations in system
volume, and transient time were made to cover
the range of potential interest in these scaling
groups. A listing of all computational runs made
1s given in Table 4 and the results are collected
in 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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Qualitatively, the results can be distinguished in three classes, as illustrated in Figures
27(a), (b) and (c). Figure 27(a) represents a strongly non-conservative behavior of the 1D
approximation. Figure 27(b) shows a strongly conservative one, and Figure 27(c) shows a case
where the 3D rosults are very close to the 1D approximation. Quantitatively, the “figures of
merit” in assessing the impact of the 1D approximation can be summarized in terms of four
parameters:

(a) ANC: The downcomer length (in £/D’s) for which the 3D
stresses are higher than the 1D

(b) A = Emae=fil. x 10%; A measure of peak discrepancy between the 3D and
1D results

(c) A; = 53?-’-'—’-5\1519—’591 x 10%: A measure of the deviation of the 3D result from the
flat 1D one, over the upper half of the downcomer

(d) &3 = 32“—'—5-‘1%9‘—"-’1 x 10%; A measure of the deviation of the 3D results from the
flat 1D one, over the whole 10£/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 2-1 to 2-10 are for Calvert Cliffs reactor.
Others are obtained by varying the system volume only.

. e w————

Run # T,(® T8 t(s) Tw('C) T, (O
14 5N 5095 20 2750 208
12 sn 5095 60 2724 2480
13 smn 5098 120 268.3 2442
14 asn 5095 240 2607 237.0
1-§ 3572 5098 420 250.0 2280
16 ST 5095 600 2416 2188
1-7 3372 S095 1200 211.5 195.0
1-8 3572 5098 1800 199 4 177.5
1-9 3372 30938 2400 185.3 1619
1-10 asn 5095 3000 1740 1526
2-1 1324 5095 30 2709 246.6
222 1324 5095 60 265.3 2413
23 1324 5095 120 2549 2312
24 1324 5095 240 236.7 2138
2-8 1324 5098 420 2142 1918
2-6 1324 5098 600 165.7 174.0
2-7 1324 5095 1200 1523 1314
2-8 1324 5093 1800 125.0 107.7
29 1324 5095 2400 1067 925
2-10 1324 5095 3000 942 819
31 637 5095 30 265.0 2410
32 637 $095 00 255.0 2313
33 637 5095 120 238.5 2156
34 637 5095 240 2139 191.5
3-8 637 5095 420 188.6 167.1
6 637 5095 600 171.4 150.1
3.7 637 5095 1200 140.2 1204
3-8 637 5095 1800 126.2 108.7
39 637 5095 2400 119.0 1027
310 637 5095 3000 1149 993
4-1 12016 5095 30 276.2 2516
4.2 12016 5095 o0 2715.5 2150
43 12016 5095 120 2742 2497
a4 . 2016 5095 240 271.8 2474
45 12016 5095 420 2683 2442
4-6 12016 503 600 265. 241.1
47 12016 5095 1200 2553 2316
4-8 12016 5095 1800 246 8 223.8
49 12016 5095 =400 2393 2163
4-10 12016 5095 3690 2328 2098
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Figure 28. The downcomer length in L/D for which the prediction of the vessel model is higher
than the 1D IPTS.

Turning now to Figure 29, we note that A; is strongly dependent on 7,/7,; 2s 7,/7,
increases A, decreases, approaching zero for 7, /7, — 0. We also see that the 7, /t dependence
has & minimum, going back up again &s the T,/ decreases below a value of ~10. Typical
values for reactors are 7,/7, = 4. For the HDR test T32.18, 7,/7, = 0.1; thus the strongly
non-conservative trend in Figure 4 can be attributed to the atypically low value of 7, /7, in the
HDR. For 7,/r, < 1, the bahavior exrresses a very slow cooldown in relation to conduction
across the * ,sel wall, and as may be . _>cted, the 1D 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) vhich are much higher than those computed
ir the 1D approximation. At the other extreme, 7, /7, >> 1, anisotrcphy is strongly disfavored
as the rapid (in relation to conduction) global cooldown drags 7; down with it as the transient
continues; thus the 1D stress field follows closely that developed in the plume region. To get into
the 7, /7, range of lower than 2 for a reactor, the cooldown time constant must be over 2,000 s,
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 HPI nozzles injecting.
These trends are exactly analogous for the A; and A, indices, as shown in Figures 30 and 31.
In a combined use of these figures we note that a large value of A; or A3 in combination with a
small value of A; means that the 1D approximation is highly conservative for most of the area
of the downcomer, while when all &, &y, A, are small the a.*ual behavior is very much like
1D (as in Figure 27(2)).
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