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THREE-DIMENSIONAL CALCULATIONS OF TRANSIENT FLUID-THERMAL MIXING
IN THE DOWNCOMER OF THE CALVERT CLIFFS-1 PLANT USING SOLA-PTS

by

Bart J. Daly

ABSTRACT

The SOLA-PTS code has been used to analyze transient fluid-thermal
mixing in a 180° sector of the downcomer and a cold leg of the Calvert
Cliffs~1 plant for three assumed accident scenarios. The inlet bound-
ary conditions for these calculations were obtained from mass flow
rates and temperatures that were computed in systems code studies. The
results of the three-dimensional SOLA-PTS calculations indicated that a
pressurized thermal shock risk was mitigated for these accident sceuar-
ios as the result of the particular circulation patcerans that developed
in the downcomer.

INTRODUCTION

This report describes the application of the transient, three-dimensional
SOLA-PTS code' to the study of certain pressurized thermal shock (FIS) transients
in a Combustion Engineering-designed pressurized water reactor. The term pres-
surized thermal! shock refers to the potential for crack propagatir i through reac-
tor vessel plates or weldments as the result of a severe overcooling of the ves-
sel wall coincident with or followed by a repressurization of the reactor. The
PIS risk is believed to increase with the age of the reactor as the result of
prolonged neutron irradiation of the materials in the reactor vessel wall.

The TRAC code’ has been used to analyze a series of 13 assumed accident

transients’ in the Calvert Cliffs Unit 1 nuclear power plant, which is operated

by Baltimore Cas and Electric Company. Portions of three of these transients
were analyzed with the SOLA-PTS code to examine detailed fluid-thermal mixing in
the cold leg and downcomer regions. The results of the TRAC calculations’ were
used to determine whether the transients should be analyzed. A SOLA-PTS study

was performed if the TRAC results indicated that there was:




gsignificant cooling of 1e downcomer fluid,

repressurization of the reactor, and

loop flow stagnation in some of the cold g5 at a time when safety

injection (SI) flow was activated.
Transients 1, 2, and 9 satisfied these criteria and were analyzed with SOLA-PTS.
Transient 3 also satisfied these criteria but the period of flow stagnation was
so brief (about 150 seconds) in that case that it was not felt that this was a
real PTS threat.

Section II contains a description of the prescribed conditions and the pro-
cedures used in the SOLA-PTS calculations. In Sec. I1I we discuss some of the
flow conditions in the downcomer that result from varying flow and thermal condi-
tions in the broken and intact loop cold legs. The results of the calculations
are presented and discussed in Sec. IV, and Sec. V provides a summary of the re-

sults and conclusions of this study.

[I. THE SOLA-PTS CALCULATION

SOLA-PTS is a transient, three-dimensional computer program for calculating
the turbulent mixing of fluids of different temperatures in complex geometries.
The capability of including wall heat transfer effects, by coupling the solution
of a fluid thermal transport equation with a wall thermal diffusion equation, is
also present in the code. But this capability has not been utilized in the pres-
ent application where the walls have been treated adiabatically. Reference |
provides a complete description of the SOLA-PTS code.

In the calculations of this study we resolve a 180° sector of the unwrapped
downcomer and assume symmetric boundary conditions at the azimuthal edges of the
flow region. Some culations were performed in a 90° sector of the downcomer,“
but these will not be reported here because subsequent studies have demonstrated
the necessity of including the effects of interactions between adjacent cold leg
flows. The present studies resolve the unwrapped downcomer, the lower plenum,

and part of the reactor core in a Cartesian coordinate system. An intact loop

cold leg is also resolved together with its safety injection and charging flow

inlets., This cold leg is treated as a square duct of the same cross-sectional
area as the circular cold leg pipe. In the broken loop cold leg, where loop flow
is maintained in all of the transients considered here, we assume thorough mixing
of the safety injection and loop flows and inject this mixed fluid directly into
the downcomer through an inlet region with the cross-sectional area of the cold
ieg.
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ralculations were initiated by injectin
the intact loop cold leg at the initial fety injection
flow rate being constant in time. Th op flow and safety
the broken loop were set to zero during this initial phase.
there is no charging flow in the broken loop cold leg.) Once
stratified flow has been established in the intact loop col leg and the cold

1 1

ayer has reached the downcomer the broken loop flows are turned on and
inlet flow rates and temperatures are allowed to vary transiently according
TRAC data. These calculations were terminated at a time when the TRAC re-
indicated that the stagnant flow conditions in the intact loop cold leg had
(Transient 9) or when the SOLA-PTS calculaticas indicated increasing tem-

conditions throughout the downcomer (Transients 1 and 2).

lists the component information that was used to construct the
difference mesh, as well as the inlet temperatures for the safety
and charging flows and the charging flow rate. Since the charging
ows into two of the four cold legs, we have conservatively assumed that
sector considered in this study this flow exists in the intact loop

g but not in the broken loop cold leg.
The hot legs are treated as internal obstacles in the downcomer region.

yince the azimuthal planes of symmetry pass through the centers cof the hot legs,

nly half of these obstacles are resolved in the calculations. Although the core

arrel wall has different thicknesses at different elevations in the vessel,

small variations could not be accounted for in the calculations, so a uni-

thickness of 6.4 cm was used. The geometry of the cold leg bend is not re-

ved in the calculations, since the intact loop cold leg is treated as a

1ight square duct. Instead, an axial flow resistance is included in the cold

at the position of the bend.
Figure 4 shows the locations of the reactor vessel welds ° for the 180°
ncome* sector considered here. Also shown in the figure are the centers of
the hot and cold legs and the locations at which transient temperature measure-
ments were made in the SOLA-PTS calculations. The broken and intact lcop cold
legs are centered at 60° aid 120° azimuthal locations, respectively. Figures 5
aind 6 show the locations at which the temperatures were recorded on the core bar-
rel wall and on the centerline of the intact loop cold leg.

ymputation mesh used in this study consisted of 12530 calculation

which 73: were fluid :cells and the rest boundary cells. These




TABLE
INPUT DATA FOR CALVERT CLIFFS—1 PLANT

Dimension

Hot leg, o.d.

Cold leg, i.d.

Vess L, i.d. ] : 436.88 cm
Core, i.d 75.92 cm
Height of UCSP above cold leg centerline = ]98.12 cm
Height of cold leg centerline above bottom of vessel = 835.66 cm
Thickness of core barrel wall (upper plenum) 265 : 6.35 cm
Thickness of core wvarrel wall (core region)

Thickness of core barrel wall (lower plenum)

L : a
Distance of safety injection nozzle from vessel wall 348.46 cm

Safety injection pipe, i.d. 25.72 cm
Orientation of safety injection pipe

Distance of charging flow nozzle from vessel wall 144.38 in. = 366.73 cm
Charging flow pipe, i.d. 1.689 in. = 4.29 cm
Orientation of charging flow pipe horizontal

Cold leg bends 60°F, hnrizuntalh
Safety injection inlet temperature 55°F 285.9K

Charging flow inlet temperature 85°F = 302.6K

Charging flow rate, divided between two cold legs 8.3 kg/s

2144.38 in. = 366.73 em in cold legs with charging flow.

b30° horizontal in cold legs with charging flow.




calculations ran at about 100 times real time; when the computation times were
compressed by a factor of five, the running time was reduced to about 20 times

real time for Transients 1 and 2.

III. FLOW DISTRIBUTION IN THE DOWNCOMER

For an incompressible fluid, th: total outflow from a system must equal the
total inflow. 1In the present study, the outflow from the core region exactly
balances the sum of the fluid flows entering through the safety injection pipes,
the charging flow pipe, and the broken loop cold leg. There cannot be a net
acceleration in the interior of the system. Thus, if cold fluid enters the down-
comer from the cold legs and is accelerated downward due to buoyant forces, there
must be corresponding upward accelerations in other parts of the downcomer. The
resulting motions bring warm water from the lower part of the downcomer and from
the lower plenum up to the cold leg regions to mix with the cold inlet fluid.

In none c¢f the transients considered by the TRAC analysts is there flow
stagnation in all cold legs at the same time. When stagnation occurs in one loop
there is flow in the other loop, and this loop flow is generally large compared
to the combined safety injection and charging flow into the stagnant loop. If
this incoming loop flow (into which safety injection fluid has mixed) is cool
compared to the downcomer fluid, then the predominant downward flow in the down-
comer will occur beneath this loop flow inlet. This will lead to upward acceler-
ations beneath the stagnated cold leg outlet. The trajectory of the cold fluid
that exits from the stagnated cold leg will depend on the relative magnitudes of
the upward convective force and the downward buoyant force. If the upward force
exceeds the downward force then this fluid will be transported upward and azi-
muthally towacd the cold leg in which the loop flow is maintained. We refer to
this as loop flow dominated circulation. It results in considerable warming of
the stratified cold fluid exiting from the stagnant cold leg and thereby reduces
the thermal shock risk.

A different type of circulation occurs if the loop flow is warm so that it
is, say, neutrally buoyant compared to the downcomer fluid. As this fluid im-
pacts on the core barrel wall, it will tend to spread in all directions. The ef~
fect of this flou on the stratified cold water exiting from the stagnant loop is
to mix with it and warm it and also to convect it azimuthally in a direction away
from the cold leg with loop flow. The warming effect is enhanced by the fact
that the loop flow water is entrained into the counter flowing warm layer at the
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effect in the countercurrent stagnant loop cold leg
tendency toward this type of flow development occurs in
onsidered below, but it occurs at a time when the safety

the effect or he vessel temperatures is not great.

IV. RESULTS OF THE CALCULATIONS

fluid temperature data are presented in this section for

ich case we show the transient TRAC data that was

boundary conditions for the study. We also present

plots and a temperature contour plot for each tran-

development in the intact loon cold leg and downcomer and

ribution in the fluid adjacent to the vessel wall in the

Finally, we preseutr plots showing the tiransient temperature variation
locations  the vesse! wall, on the core barrel wall, and in the in-
wop cold leg. [he vessel wall plots show the coldest temperatures at the
horizontal and vertical weld segments shown in Fig. 4. For the horizont-
segments we also plot the TRAC downcomer fluid temperature measurement

that axial level and azimuthal value.

[ransient |

Figures 1-3 show the TRAC measuremerts® of the broken loop cold leg mass

flow rate and temperature and the total safety injection and charging mass flow
rate that are used to specify the inlet boundary conditions for the SOLA-PTS cal-
culation of Transient 1| in the time interval t=300-1000s. Note that the cold leg

-
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temperature is roughly constant or increasing after t=1000s and that the safety
{njection flow has terminated after this time (the charging flow continues to the
end of the TRAC transient). Thus the downcomer temperatures should increase
after t=1000s.

The initial downcomer temperature distriSution for the SOLA-PTS calculation
{s shown in Fig. 7. It was obtained from the TRAC calculation of Transient 1 at
t=300s.

Figures 8-12 show velocity vector plots in r'arious two-dimensional cuts
through the intact loop cold leg and the downcomer at a time of 650s. Figure 8,
which is in a vertical plane through the centerline of the cold leg, shows safety
injection flow into the cold leg and the countercurrent flow development between
the downcomer and the safety injection region. The charging flow inlet does not
show on this plot. In the downcomer the fluid is carried upward by the strong
loop flow dominated circulation pattern. This circulation pattern can be seen in
Figs. 9 and 10, which are velocity vector plots in planes adjacent to the core
barrel and vessel walls. These show strong downward flow below the broken loop
cold leg on the left and upward flow beneath the 1intact loop cold leg on the
right. This upward convective force is greater than the downward buoyant force
acting on the cold water entering the downcomer from the intact loop cold leg so
that fluid is carried upward and azimuthally to mix with the downward flow below
the broken loop cold leg. The net effect is to maintain warmer temperatures than
TRAC on the intact loop side and sligntly cooler temperatures at some locations
on the broken loop side.

Another view of the flow circulation in the downcomer is given in Figs. 11
and 12, which show velocity vector plots in horizontal planes through the bottom
and top of the cold legs. At the bottom of the intact loop cold leg, the exiting
cold water 1is entrained by the circulating flow in the downcomer and carried
azimuthally toward the brokern loop side. Because of the strong circulating flow,
the cold water is confined to the vessel wall region. Consequently, the vertical
weld section between the cold legs is colder at this time in the transient than
the horizontal weld below the intact loop cold leg. The entrai it of the cir-

culating flow into the top of the cold leg is very asymmetric, as shown *- Fig.

12. One contribution to this asymmetry that does not appear in the figure is

that the charging flow is injected on the right side of the cold leg.
Figure 13 is a temperature contour plot in a vertical plane adjacent to the

vessel wall. The region of cold fluid below the broken loop cold leg is a
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“ relatively narrow band extending to the lowe plenum region. The coldest fluid
- is at the bottom of the intact loop cold leg inlet but this cold fluid is
' transported azimuthally toward the broken loop side. The fluid near the top of
the downcomer remains warm and relatively stagnant throughout the transient.
'he strong, loop flow dominated flow circulation in the downcomer begins to
weaken after about t=750s when the broken loop cold leg temperature, Fig. 2, 1is
'._'ﬂ._';’j near its minimum. As a result, the cold stream from the bottom of the intact
loop cold leg is able to penetrate downward in the downcomer for a brief period
i’ before the safety injection flow, Fig. 3, ceases. The flow distribution and tem-
. perature fields that result are shown in Figs. 14-19.
P Figure 14 shows that the cold fluid is penetrating into the downcomer below

the centerline of the cold leg. The chilling effect on the vessel wall is empha-

sized by the fact that the flow from the cold leg does not impact on the core

barrel wall but hugs the vessel wall for about two cold leg diameters below the

3
- junction., The flow distribution in the downcomer can be seen in Figs. 15 and 16.
Lo
L The downward flow beneath the broken loop cold leg is much less pronounced than

in Figs, 9 and 10, and the downward peaetrating flow beneath the intact loop cold
leg is apparent. Figure 16 shows that in the vicinity of the vessel wall, this
cold downflow is confined to a narrow stream by local recirculating flows. This
downward flow does not penetrate to the bottom of the downcomer. As a result the
local recirculations, which carry the water that will be entrained into the coun-
terflowing stream at the top of the intact loop cold leg, remain relatively cool
and this helps to maintain the cool temperature in the cold leg.

Figures 17 and 18 show the flow in the horizontal planes at the bottom and
p of the cold legs. In Fig. 17 it is seen that the momentum of the circulating

flow in the downcomer is insufficient to divert the cold layer at the bottom of

the intact loop cold leg in the azimuthal direction. When this cold fluid
7-;“1' reaches the downcomer, it falls vertically along the vessel wall as seen in Fig.
. , 4. "ne flow field in the horizontal plane at the top of the cold legs, Fig. 18,
e
: k leoks very much like Fig. 12, with circulating flow being entrained into the
?*,;;;. counterf lowing layer at the top of the cold leg.
‘ * 'he temperature contour plot in a vertical plane adjacent to the vessel wall
shown in Fig. 19 looks much different from that of Fig. 13. A narrow cold stream
“ is falling below the intact loop cold leg, and this narrow stream is surrounded
‘ by a wider cool region that shows the outline of the local recirculating flow.
_ ‘e Below the broken loop cold leg the narrow cold stream seen in Fig. 13 has been
* e




replaced in Fig. 19 by a thoroughly mixed cool region, and

homogeneous temperature fiel luces the thermal potential

flow,

Transient temperature plot t locations adjacent t the
shown in Figs. 20-30. The locat shown on the ordinate title
refers to the locations listed on » 4, For example, location
situated at the junction of the d yme* and the bottom of the

leg at the centerline.

After the initial sharp drop the temperature at location
fairly uniform rate until t=750s after which the temperature
mately
below for positions in the cold leg
sient is over. [he small-scale oscillations (1-2°F) seen on the
in Fig. 20 result from slight

dispersion errors in the high

scheme used in SOLA-PTS;" they have no physical significance.

onstant until t=900s when it begins to rise. This rise

this rc'l!ri'.\'l_v

the broken loop

intact loop cold

decreases at a
remains approxi-

ind those shown

indicate that the coldest part of the tran-

temperature plot

yrder numerical

The plots in Figs. 21-30 give the temperature variation at the coldest loca-

tion on each of the horizontal and vertical weld segments shown

the horizontal weld segments, we also show the TRAC downcomer
ipproximately the same axial height and at TRAC
THETA-b6.
THETA-6 to those on the

intact loop side. Referring to Figs.

in Fig. 4. On

temperature at

azimuthal positions THETA-1 or

[HETA-1 corresponds to positions on the broken loop cold leg side and

and 23, one can

see that the TRAC and SOLA-PTS temperatures are in good agreement on the broken

l:‘u);n side. This is

consistent with the fact that this transient

is dominated by

the loop flow from the broken loop cold leg. The SOLA-PTS temperature in Fig. 25

is warmer than the TRAC temperature because this location is

stream below the broken loop cold leg (see Figs. 13 and 19). On

side, the SOLA-PTS temperatures are usually higher than the TRAC

not in the cold
the intact loop

temperatures be -

cause throughout most of the transient the momentum force from the loop flow dom—-

inated circulaticen exceeded the cold fluid buoyant force at the

intact loop cold

leg. As a result, this cold fluid was carried upward and azimuthally toward the

broken loop side. When the cold water does penetrate, as in F

ige 22 at around

800s, the SOLA-PTS temperature is colder than the TRAC temperature because TRAC

can not account for thermal stratification in the cold leg. The

)

minimum tempera-

ture in Fig. 22 is about 220°F, while on the broken loop side the minimum temper-

ature in Fig. 21 is about 250°F. Notice that throughout most

the temperature at location 35 (Fig. 28)
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segment between the cold legs, is lower than that at location 13 below the intact
loop cold leg (Fig. 22).

Figures 31-33 are temperature plots on the core barrel wall across from lo-
cations 6, 12, and 24, respectively on the vessel side. Location 42, Fig. 31, is
just below the area of impact of the broken loop cold leg flow on the core barrel
wall. Therefore the temperature here closely follows the TRAC broken loop inlet
temperature, Fig. 2., It is generally cooler than the temperature at the corre-
sponding location on the vessel side (Fig. 21) and Jdoes not exhibit the tempera-
ture oscillations seen there. The temperature profiles in Figs. 32 and 33
are very similar to the corresponding ones on the vessel side (Figs. 22 and 24)
throughout most of the transient because the flow on the intact loop side is dom-
inated by the loop flow generated circulation. However, Fig. 32 does not show
the sharp drop in temperature seen in Fig. 22 around t=800s because, as we saw
earlier, the cold water penetration occurred primarily on the vessel wall side.

Some temperature transients in the intact loop cold leg are displayed in
Figs. 34-39, Figures 34-36 show the temperature variation with height under the
safety injection inlet. At location 55, Fig. 36, directly under the inlet there
has been some warming of the water, which was injected at 55°F, as a result of
mixing with the counterflowing warm stream at the top of the cold leg. There is
additional warming as the cold water jet entrains surrounding water, as shown in
Figs. 34 and 35. The very rapid warming that occurs after t=900s, and is partic-
ularly apparent in Fig. 36, results from the exhaustion of safety injection fluid
(see Fig. 3).

The warming trend that develops along the bottom of cold leg is shown in
Figs. 34, 37-39. Most of this warming takes place between locations 53 and 56,
i.e., in the immediate vicinity of the safety injection inlet. Very little warm—-
ing takes place between the inlet region and the downcomer, indicating that there
was little energy exchanged between the counterflowing hot and cold layers in the
cold leg. Similar results were observed in previous zero loop flow SOLA-PTS cai-
culations® that were shown to be in good agreement with Creare experimental
data.!’ Figures 37-39 show that the minimum temperature at the bottom of the
cold leg was reached at about 600 or 700s.

B, Transient 2
The mass flow rate and the temperature of the broken loop cold leg flow, and
1/4 of the total safety injection and charging flows from the TRAC calculation of

11



Transient 2,are shown in Figs. 40-42. The initial dow mer temperature distri-
bution, which was obtained from the TRAC calculation at t=300s, is given in Fig.
43. Note that both the transient broken loop cold leg temperature, Fig. 41, and
the initial downcomer temperature, Fig. 43, are cooler in Transient 2 than their
counterparts In Transient 1, Figs. 2 and 7. The initial intact ioop cold leg
temperature (not shown) {s also cooler in Transient 2. As a result of these
cooler temperatures, the transient flow and temperature distributions in the
downcomer are different in Transient 2 than in Transient 1. Because of the
cooler initial temperature in the intact loop cold leg, the buoyant force in this
region is sufficiently large to overcome the upward convective force that results
from the loop flow dominated circulation. Thus the cold water penetrates to the
weld regions on the intact loop side early in the transient. Eventually, how=-
ever, the upward convective force overwhelms the buoyant force so the cold water
that exits from the intact loop cold leg is carried upward and azimuthally toward
the broken loop side as in Transient 1. Unlike Transient 1, this flow pattern,
once established, is not altered later in the SOLA-PTS transient.

Figure 44 shows the flow field in a vertical plane through the intact loop
cold leg centerline at t=800s. The cold fluid exiting from the bottom of the
cold leg is curned vertically upward as it reaches the downcomer by the strong
circulating flow that is shown in Figs. 45 and 46. The upward flow on the intact
loop side is confined to a relatively narrow region below the hot leg. It turns
in an azimuthal direction at the cold leg elevation and diverts the flow from the
fntact loop cnld leg toward the broken loop side. The fluid below the intact
loop cold leg is relatively stagnant.

Figures 47 and 48 show another view of this circulating flow, this time in
horizontal planes through the bottom and top of the cold legs. The cold fluid
exiting from the cold leg is carried azimuthally toward the broken loop side.
This azimuthal flow is so strong that the cold leg flow does not impact on the
core barrel wall on the intact loop side. At the top of the cold legs, Fig. 48,
some of the circulating fluid {s entrained into the intact loop cold leg.

As a result of the circulating flow in the downcomer, the temperatures at
the weld locations on the intact loop side are warmer than the TRAC prediction
throughout most of the transient. The temperature distribution in the downcomer
near the vessel wall (s shown in Fig. 49 at t=800s. It shows a very small cold
fluid region at the intact loop cold leg and a narrow cold spike below the broken

12



termination
alculated with SOLA-PTS i in good

1zimuthal location THETA-1 and axial 1 }, which is
Similar good agreement with TRAC is shown
it the second horizontal weld below the broken loop cold
t horizontal weld on that side, Fige. 55, the SOLA-PTS tempera-
ire generally highe AC because location 28 is not situated at the

oldest ition on t which is on the narrow spike shown in Fig
intact loop side, the temperatures are usually higher than the TRAC
temperatures, hich are from azimuthal angle THETA-6. Early in the
transient, however, the cold flow from the bottom of the intact 1loop
did penetrate to the first weld, and in that local region the SOLA-PTS
temperatures were colder than TRAC. With time the lccation of the coldest region

m this weld was transferred to the left by the upward circulating flow. This

- -

nperature persisted longest at location 10, shown in Fig. 52. The minimum

temperature there was about 225°

F, but the duration of this low temper-
iture was less than 200 seconds. These low temperature plumes did not extend to
the beltline weld as shown in Fig. 54. Thus the temperatures at the lower welds,
Figs. 54 and 56, are higher than the TRAC temperatures by about 40°F. The tran-
sient temperatures on the vertical weld segments are shown in Figs. 57-60.

The temperature at location 42 on the core barrel wall is shown 1. 3. 61.

4

This temperature is cooler and fluctuates less than the correspconding tempe~ature

on the vessel wall at location 5, Fig. 51. However, on the intact loop side the

temperature at location 44, Fig. 62, shows some of the same oscillations seen at
location 10, Fig. 2, on the vessel wall. This indicr es that when the cold
water penetrates to the welds below the intact loop cold leg this cold water

fi{lls the downcomer gap at least part of the time.
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principal difference between Transient 9 and Transients 1 and

temperature of the broken loop cold leg flow as shown in Fig.

this high temperature, the fluid flowing from the broken leg is cften
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does not form below the broken loop cold leg; the flow from that cold leg

circulation with downward flow on the intact loop side and upward flow

broken loop side. The strength of this circulation is much smaller than
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leg. The downconer flow in this transient is therefore a stagnant loop dominated
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previous transients because the volume of downcomer water that is buoyantly ac-




»

tempe

ant

temperature drop

temperature,

rather than requiring

in the d

and the

83, low

location 46 on the

Fig. 81 demons

re el

bar

wall

wncome

er

’ 1
we L«

core barrel

tr

rates that

vessel

15




wall. As indicated above, this is because the flow from the broken loop ccld
spreads along the core barrel wall and tends to confine the cold fluid from
intact loop cold le; o the vessel side.

The strong warming effect of entrained broken loop flow is very evident
Figs. 35-87, show the temperature transients at locations | )5 below
safety injection inlet in the loop cold leg. Notice in particular the

crease in temperature, about rom location 55 to location 54, which is
cated in the middle leg- The temperature variation along the col«

at location ° - and 63 is shown in Figs. 85, 88-90. As observed
thhe previous transients, the principal warming takes place between locations

and 56 near the safety injection inlet.

SUMMARY AND CONCLUSION

The three transients anaiyzed in this study display two fundamentally dif-

ferent flow developments: a stagnant loop dominated downcomer circulation as in
Transient 9, in which there is downward flow on the stagnant loop side and a weak
upward flow on the loop flow side, and a loop flow dominated circulation, such as

that seen in Transients | ana

2, where there are strong convective motions under

two cold legs. The e >t of both of these flow circulations is to mitigate

thermal shock risk at the vessel welds, by thorc'gh mixing of warm water with

safety injection fluid in the stagnant flow dominated case and by preventing

the penetration of the cold fluid from the stratified cold leg flow to the weld
regions in the loop flow dominated case.

There is a partial penetration of cold f'uid to the weld area in Transient

l, but this occurs late in the transient whea the safety injection flow has al-
most ceased. However, this event suggests a more serious transient condition.

he flow conditions in the cold leg with loop flow were such that a weak loop-
flow-dominated circulation developed in the downcomer, so that the upward -~onvec-
tive force under the stagnant flow cold leg was not great enough to overcome the

downward buoyant force on that side, then cold fluid could penetrate to the weld

regions over a longe~ period of the transient than occurred in Transient 1. In
?L'x(‘

flows from the two cold legs become esser.lally divorced from one

the flow situation that was assumed to exist in all of the prelim=-

studies, numerical and experimental in the pressurized thermal shock pro=-
’ [

l'hese studies cnly addressed flow in a 90° sector of the acwncomer, with




the tacit assumption that similar conditions existed in the remaining sectors.
However, the TRAC studies, of the Calvert Cliffs transient scenarios have shown
that asymmetric conditions in adjacent cold legs are the norm. Thus, these pre-
liminary studies, while useful for code validation purposes, did not address the
appropriate fluid thermal interaction phenomena.

This raises the question of the adequacy of the 180° downcomer studies.
Perhaps three-dimensional calculations of the full 360° downcomer with multiple
attached cold legs would demonstrate other asymmetries that did not appear in the
180° studies. In view of the complicated nature of these flows, that is entirely
possible. For example, one asymmetry that is an integral part of the Calvert
Cliffs geometry is that charging flow is injected into the intact loop cold leg
in one 180° sector, but it is injected into the broken loop cold leg in the oppo=
site 180° sector. However, there is reason to believe that an approximate 180°
symmetry is preserved. In the transients that we have analyzed, there has been
flow stagnation in the intact loop cold leg while loop flow has been maintained
in the broken loop. This loop flow rate plus safety injection flow is generally
an order of magnitude greater than the combined safety injection and charging
flows in the intact loop. It is the loop flow that determines the type of flow
circulation and therefore the fluid thermal mixing in the downcomer. The lack of
charging flow in the intact cold leg would probably have little effect on these

mixing processes.

l. Bart. J. Daly and Martin D. Torrey, "SOLA-PTS: A Transient, Three-Dimen-
sional Algorithm for Fluid-Thermal Mixing and Wall Heat Transfer in Complex
Geometries,” Los Alamos National Laboratory report in preparation.

2. Safety Code Develepment Group, “TRAC-PFl: An Advanced Best-Estimate Computer
Program for Pressurized Water Reactor Analysis,” Los Alamos National Labora-
tory report in preparation.

3. J. E. Koenig, G. DN. Spriggs, and R. C. Smith, "TRAC Analyses of Potential
Overcooling Transients a* Calvert Cliffs-1 for PTS Risk Assessment,” Los
Alamos National Laboratory report in preparation.

4., Bart J. Daly and Martin D. Torrey, "Three Dimensional Thermalhydraulic Cal-
culations using SOLA-PTS," Proceedings of the Eleventh Water Reactor Safety
Research Information Meeting, Gaithersburg, MD, October 24-28, 1983, U. S.
Nuclear Regulatory Commission report NUREG/CP-0048 2, 48 (1984).
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Fig. 2. Temperature of fluid flowing into the broken loop cold leg, from the TRAC calculation of
Transient 1.
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CALVERT CLIFFS 1
VESSEL WALL SENSORS

1033.78
£5.04
33
o+ 4 + + B835.66
3¢ 1°3%
25
4 5 7 8 9 5 16 703.58
| 38 |
32
39
40
| 17 18 19 20 2i 'ZzAAAze 27 | 454.66
36
37
28 29 30 3 205.74
|
0.0
0° 90° 180°
HLG HLE

Fig. 4. Locations of vessel welds, hot and cold leg centerpoints,and temperature
sensors for the SOLA-PTS calculations. Axial dimensions in cm.
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CALVERT CLIFFS 1
CORE BARREL WALL SENSORS

1033.78

955 0

835.66

00
I180°
HL G HLG

Locations on the core barrel wall at which temperatures were recorded in
the SOLA-PTS calculations. Axial dimensions in cm.




CALVERT CLIFFS 1
INTACT LOOP SENSOR LOCATIONS

55 ¢ o 60 e 67
£ *
L L ] ®
. Es
® e 0 - . " ®
51 53 56 6l 62 63

Fig. 6. Locations on the centerline of the intact loop cold leg at which temper-

atures were recorded for the SOLA-PTS calculations.
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CONTOUR VALUES
(°F)

339.8
356.1
LY
388.8
405.1

Fig. 7. Downcomer temperature distribution at t=300s,
of Transient 1.

from the TRAC calculation




Fig. 8, Velocity vector plot in a vertical plane throuh the centerline of the

intact loop cold leg for Transient 1 at t=u30s, showing the core region

on the left, the downcomer, and the cold leg. he arrowheads show the
direction of flow.
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Velocity vector plot in a vertical plane adjucent to the core barrel
wall for Transient ! at t=650s. Note the region of impact of the broken

loop cold leg flow at the upper left. The blank regions are the hot leg
obstacles.
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Velocity vector plot in a horizontal plane through the bottom of the
cold legs for Transient 1 at t=650s, The cold water from the bottom of
the intact loop cold leg is entrained in the counterclockwise flow cir-
culation in the downcomer and convected to the broken loop side. The
blank regions at the left and right in the downcomer are occupied by
the hot leg obstacles.




.....

e e T

-

ettt e I T T ——

LI
L
N s
.\\\
.
W e
‘\
N\
-
}\.\\
': - . e e e e W
T - s‘—- ;; ":t ‘—.“-.E\L“_:t -
‘--—-.—-*__ .\‘I’,_ - k\a‘

Fig. 12, Velocity vector plot in a horizontal plane through the top of the cold
legs for Transient | at t=650s. Scme of the circulating flow in the
downcomer is entrained into the top of the intact loop cold leg.
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Fig. 13. Temperature contour plot in a vertical plane adjacent to the vessel
wall for Transient 1 at t=650s. The contours show a cold fluid region
below the broken loop cold leg and a warm region on the right side.
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Velocity vector plot in a vertical plane through the centerline of the
intact loop cold leg for Transient | at t=850s. At this time, there is
downward flow in the downcomer below the cold leg junction.
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Velocity ve~tor plot in a vertical plane adjacent to the core barrel
wall for Transient | at t=850s. There is downward flow beneath the in-
tact loop cold leg at this time in the transient.
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Velocity vector plot in a vertical plane adjacent to the vessel wall

16,

Figo

The cold stream at the bottom of the intact

loop cold leg narrows as it falls in the downcomer.

for Transient |1 at t=850s,

34



]

wrizontal plane through the bottom or the
it t=850s, The ccld layer at the bottom of

falls vertica.ly when it reaches the down=-




|8. Velocity vector plot in a horizontal plane through the top of the cold
legs for Transient 1 at t=850s. The flow field looks very similar to
that of Fig. 2.
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Temperature contour plot in a vertical plane adjacent to the vessel
wall for Transient 1 at t=850s. The cold stream from the stratified

layer at the bottom of the intact loop cold leg narrows as it falls in
the downcomer.
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Fig. 20. Transient temperature plot at location 2, Fig. 4.
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Fig. 21. Transient temperature plot at location 5, Fig. 4. The dashed line
shows the TRAC downcomer temperatures (Ref. 3) at approximately the
same location.
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lransient temperature plot at location 13, Fig. 4. The dashed line
shows the TRAC downcomer temperatures (Ref. 3) at approximately the
me location.

Fig. 23. Transient temperature plot at location 19, Fig. 4. The dashed line
shows the TRAC downcomer temperatures (Ref. 3) at approximately the

gsame location.
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Fig. 24. Transient temperature plot at location 24, Fig. 4. The dashed line
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same location,
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[ransient temperature plot at location 31, Fig. 4. The dashed line
shows the TRAC downcomer temperatures (Ref. 3) at approximately the
same location.

1 . MSLB.T=300-1

400 500 600 700 80F 900 1000
TIME (SEC)

lransient temperature plot at location 32, Fig. 4.
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30. Transient temperature plot at location 38, Fig. 4.
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31. Transient temperature plot at location 42, Fig. 5.
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Fig. 34. Transient temperature plot at location 53, Fig. 6.
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Fig. 35. Transient temperature plot at location 54, Fig. 6.
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Transient temperature plot at location 55, Fig. 6.
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Transient temperature plot at location 56, Fig. 6.
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Fig. 38. Transient temperature plot at location 61, Fig. 6.
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Fig. 39. Transient temperature plot at location 63, Fig. 6.
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Fig. 40. Mass flow rate into the broken loop cold leg, from the TRAC calculation
of Transient 2.
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Fig. 41. Temperature of fluid flowing into the broken loop cold leg, from the

TRAC calculation of Transient 2.
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Fig. 44, Velocity vector plot in a vertical plane through the centerline of
the intact loop cold leg for Transient 2 at t=800s. The cold water
exiting from this cold leg is carried upward and azimuthally toward
the broken loop side by the strong circulating flow in the dowancomer.
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Fig. 47. Velocity vector plot in a horizontal plane through the bottom of the
cold legs for Transient 2 at t=800s. The strong downcomer circula~
tion diverts the flow from both cold legs to the left.
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Velocity vector plot in a horizontal plane through the top of the
cold legs for Transient 2 at t=800s., Some of the circulating fluid
is entrained into the intact loop cold leg.



2-Ax|S

1900 ¢

w00 ¢

wo ¢

BE

19¢

CONTOUR VALUES

7

g

0 4

(°F)

194.4

236.4
278.3
320.2
362.2

MO O m P>

Fig. 49,

o e o ol v -
100 20C 00 “00. 500 L 00

Temperature contour plot in a vertical plane adjacent to the vessel
wall for Transient 2 at t=800s. The coldest region below the broken
loop cold leg is confined to a narrow spike.

57






10

LOC

TEMPERATURE DEG F

CALVERT CLIFFS

1. TRANS 2.0BL ENDED MSLE

400

350 b
300 b~

250

-

150 ¢

100 ¢

50

o |

-~ -
o~
N
-
-

—_—

300

400

500

600
TIME

300 800
(SEC)

900 1000 11CC

Transient temperature plot at location 10, Fig. 4. The dashed line
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same location.
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Fig. 53. Traasient temperature plot at location 18, Fig. 4. The dashed line
shows the TRAC downcomer temperatures (Ref. 3) at approximately the

same location.
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Fig. 54. Transient temperature plot at location 22, Fig. 4. ™= 4aghed line
shows the TRAC downcomer temperatures (Ref., 3) at approximately the
same location,
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Fig. 55. Transtent temperature plot at location 28, Fig. 4. The dashed line
shows the TRAC downcomer temperatures (Ref. 3) at approximately the
same location.
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Fig. 57. Transient temperature plot at location 32, Fig. 4.
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Fig. 60. Transient temperature plot at location 39, Fig. 4.
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Fig. 64, Transient temperature plot at location 54, Fig. 6.
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Fig. 65. Transient temperature plot at location 55, Fig. 6.
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Fig. 72. Downcomer temperature distribution at t=400s, from the TRAC calcula-
ticn of Transient 9.
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Fig. 73, Velocity vector plot in a vertical plane through the centerline of
the intact loop cold leg for Transient 9 at t=600s. Warm water is
entrained into the cold leg from above and mixes with the injected
fluid so that the temperature of the exiting flow is higher than in
the previous transients.
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Fig. 74. Velocity vector plot in a vertical plane adjacent to the core barrel
wall for Transient 9 at t=600s. Unlike the previous transients the
downflow is on the right.
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Fig. 75. Velocity vector plot in a vertical plot adjacent to the vessel wall
for Transient 9 at t=600s. The flow from the intact loop cold leg
penetrates to the bottom of the downcomer.
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Velocity vector plot in a horizontal plane through the bottom of the
cold legs for Transient 9 at t=600s. The flow from the broken loop
spreads along the core barrel wall and confines the flow from the in-
tact loop to the vessel side where a recirculating flow has formed.
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Fig. 77. Velocity vector plot in a horizontal plane through the tops of the
cold legs for Transient 9 at t=600s. A large volume of fluid from
the broken loop is entrained into the intact loop cold leg.
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Fig. 79. Transient temperature plot at location 2, Fig. 4.
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Fig. 80. Transient temperature plot at location 6, Fig. 4. The dashed line
shows the TRAC downcomer temperatures (Ref. 3) at approximately the
same location.
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Fig. 81. Transient temperature plot at location 14, Fig. 4. The dashed line
shows the TRAZ downcomer temperatures (Ref. 3) at approximately the
same location.
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Fig. 82. Transient temperature plot at location 27, Fig. 4. The dashed line
shows the TRAC downcomer temperatures (Ref. 3) at approximately the
same location.
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Fig. 83. Transient temperature plot at location 31, Fig. 4. The dashed line

shows the TRAC downcomer temperatures (Ref. 3) at approximately the
same location.
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Fig. 90. Transient temperature plot at location 63, Fig. 6.
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