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ABSTRACT

Boiling water reactors rely on the injection of soluble neutron absorbers to control power in
case of failure in the control rod (scram) system. Typically this liquid “poison” is injected from
eight small holes on a standpipe positioned vertically near the outer edge of the core shroud in
the Jower plenum. The achievement of control is predicated on good mixing of this injected
liquid with the coolant which is recirculating around the core upper plenurn and downcomer.
However, because the flows are rather low (~20% of rated with pumps tripped as expected under
such conditions) and the injected solution density is iuch higher than that of the primary fluid,
there have been concerns raised about the efficiency and completeness of this mixing. This
work provides the first openly available data addressing such concerns. To avoid potentially
important scaling compromises, the data were obtained from full-scale simulations. From the
experiments performed so far, we can conclude that complete boron mixing (entrainment) will
occur for recirculation flow rates down to 8.2% of rated.
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1. INTRODUCTION

, Man v boiling water reactors (BWRs) rely on liquid poison (Standby Liquid Control System
or SLCS), injected into the lower plenum, to achieve shutdown from postulated ATWS (antici-
" pated transients without scram) events. Due to the combination of solute (sodium pentaborate) .
. and temperature effects, the injection solution is ~35.5% heavier than the primary fluid, and E
. the potentia! for its stratification into the lower plenum (settling rather than entering the core
- region, wheie it is needed) under the relatively low natural circulation flow velocities was rec-
| ognized long ago. The Gencral Electric (GE) Company has obtained mixing data in a 1/6-scale
g (geometric) simulation facility. These data remain proprietary, although the indications are that -
o they exhibit a strong tendency to stratify for recirculation flows less than ~20% of rated. This F
i is precisely the range of interest for the natural circulation flows relevant to postulated ATWS ﬁ
trausients. This led to complicated operator procedures and an interest in modeling the mixing
process in a fonn appropriate for use in system'’s codes (i.e.,, TRAC-BWR).

- The complications arising from inadequate mixing can be understood in ter - of Figure 1,
obtained from a 1982 BWR Owner's Group letter to the Nuclear Regulatory Commission (NRT) s
f (BWR Owner's[1)). In it, mixing efficiency 1s seen to approach zero at ~5% of rated flow, |
while it seems to 1each a nearly constant upper value of ~75% for flows higher than 20% of ’
rated. On the other hand, the core power shows a linear decrease with recirculation flow, due
to corresponding increases in core void (steam) fraction. The combined effect on an ATWS
transient 18 to produce the strongly upward concave curve of suppression pool temperature, as
shown in Figure 1. That is, at high flows the suppression pool overheats as the boron mixing
cannot keep up with the steam production. At very low flows, on the other hand, the whole
transient 1s prolonged such that suppression pool overheating is obtained even at the low power
levels. ""
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Additional perspectives on the behavior can be obtained from Figures 2 and 3, reproduced
from Chexal et al.[2]), who ignored the SLCS altogether. The critical path in Figure 2 shows
the decrease in core power and associated decrease in recirculation (natural) fiow resulting from
dropping the water level from the normal downcomer water level (NWL) to the top of active

fuel (TAF) at normal operating pressure. The critical path in Figure 3 indicates the effect of
depressurization on the same variables. It is clear from these figures that power reduction to
sufficiently low leve!s can come about only by a combined and decisive reducticn in both water
and pressure levels. It is also clear that the relevant recirculation flows are in the range 10 to
30% of rated. Finally, in subjecting the plant to these low-power, low-flow conditions, one needs
to be concerned about the potential occurrence and impact of coupled flow-power instabilities,
as recently maniiested in the La Salle incident.
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Based on the above as an initial ATWS fix, the operators were instructed tc reduce water
levels to the top of the active core. More recently, as an update to this procedure, there is a
proposal in front of the NRC-licensing that the water level be dropped below the top of the
active core in order to achieve an acceptable performance under such conditions. Clearly, such
procedures are not particularly attracuive if they can be avoided. These then provide a motivation
for a closer examination of the boron mixing phenomena, which is the subject of this study.

In this report we provide a new experimental approach. The initial experimental data
indicate consideratle promise that mixing is complete and that the special procedures discussed
above may not be necessary.

2. SCALING CONSIDERATIONS

The lower plenum geometry of interest is shown in Figure 4. The actual positioning
of the injection line (SLLCS standpipe) within the control rod guide array is indicated for two
representative designs (BWR3s and BWRA4:) in Figure 5. The key dimensions and charactaristics
are summarized in Table 1, below:

TABLE 1
Geometric Features of SLCS

Plant Al BZ GC?  PpeSize #ofHoles* Hole |
Diameter

BWR3

(Cresden 3) 26" 42 94" 1"SCH40 8 0.25"

BWR4

(Peach Bottom 3) 61" 42" 148" 1"SCH40 5 0.25"

Note: All dimensions in inches, holes directed towards vessel center.

1 distance from the centerline of the SLCS standpipe to the shroud inside diameter
2 length over which sparger holes are spaced

3 distance of the lowest hole above the shroud support plate.

4 equally spaced along the standpipe at 3" intervals

Typical injection rates are 60 to 80 gpm of borated water (15% by weight sodium pentaborate
in 20 °C water). We are interested in determining the fraction of this injected flow that enters
the core region, entrained by the buoyancy-driven recirculating coolant flow.

We can identify two mixing regimes. The first, or vertical (upward) mixing regime (VMR),
is obtained as the mean flow streams along the control rod guide tubes while the injected solution
jets in a direction cross to it, as illustrated (for one hole) in Figure 6. This figure also shows the
entrainment patterns created by the intense jet effect. The second, or horizontal mixing regime
(HMR), may be obtained in case some solution settles downward, having escaped entrainment
from the VMR. It is characterized by the mean flow streaming across the guide tubes and the
solution attempting to settle through it, as illustrated in Figure 7.



Fig. 4. The iower plenum of a BWR.
BWR4 BWR3

b -

1,
i

Fig. 5. SLCS standpipe (injection) geometry.
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Side View Top View

Fig. 7. Illustration (not to scale) of the horizontal mixing regime (HMR).

As it is customary for flows where gravitational effects are important, the GE experiments
were scaled on the basis of the Froude number:

U ‘
Fr = —m———— (1)

"~ VeDAplpr’

where U and D are the characteristic velocity and length scales, g is the acceleration of gravity,
and Ap = p;—pm, where p; and p,, are the densities of the injected and mean flow, respectively.

The problem is that at small scales such scaling can lead to very large Reynolds numbers
dissimilarities. Indeed, as may be seen from Eq. 1, at 1/6-scale the characteristic velocity must
be reduced by a factor of V6 ~ 2.5, and the combined effect is a Reynolds number dissimilarity
by a factor of 6 x 2.5 ~15. The scaling can further detcriorate due to inabilities to achieve the
full Ap/o;, and also because of the considerably larger kinematic viscosity in the experiment
(low pressure and temperature system) in relation to the reactor. Foi example, the use of a
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10% solution in the experiment would yield another factor of ~ /3.9 reduction in velocity, and
together with the kinematic viscosity (~2) and scale effects, we will have a total factor of ~59
dissimilarity in Reynolds number. All of these distortions are rather detrimental, especially when
inertia and momentum flux effects are important, as is the case here due to the high injection
Froude numbers and flow-penetrating-a-structure-array geometry.

Based on the above, it is not difficult to surmise that small scale simulations, in this area,
may significantly underestimate mixing behavior. We decided, therefore, to pursue the problem
at full scale.

3. EXPFRIMENTAL FACILA L 'TES

3.1 Vertical Mixing Regime

The UCSB VMR full-scale facility is shown in perspective in Figure 8. It represents a 3x3
array of control rod guide tubes in the vicinity of the SLCS standpipe. Axial flow is provided
by a centrifugal pump, at up to 2,300 gpm (corresponding to 32% of rated), through a 2,000 gal
reci: culation stainless-steel tank, and it is controlled by a butterfly valve. The flow is distributed
by means of deflector vanes, in the lower plenum, and straightened by honeycomb plates, prior to
entering the subchannel space of the test section, and also as it exits into the outlet plenum. The
UCSB VMR full-scale test section, shown in Figure 9, is accessible to full visualization-—both
guide tubes and prussure boundary are acrylic. All piping external to the test section is of PVC
material. Injection flow is provided by a positive displacement pump (at full =eactor flows, i.e.,
~10 gpm per nozzle) from a 200-gal. storage tank into any number of the iniection nozzles
(corresponding to the SL.CS standpipe holes) by opening the appropriate ball valves (Figure
10(c)). The recirculating flow is measured by a nozzle insert and the injected fiow by an orifice
meter, both calibrated to an accuracy of +2%.

Fig. 8. The I'CSB VMR full-scale facility.
(1) How butterfly valve; (2) flow measuring nozzle;
(3) inlet probe; (4) outlet probe; (5) injeciion system.
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‘i'he solutions are made with CaCf; (up to 40% by weight); concentrations in the test section
and inlet/outlet piping can be measured by conductivity probes (Theofanous et al.[3]). Overall
mixing performance can be determined from the difference between inlet and exit concentrations
and appropriate mass balances. Local mixing performance can be determined from a large num-
ber of conductivity probes distributed throughout the subchannel space in the test section. The
data are taken by a PDP-11 computer at a rate of 500 Hz and recorded at a rate of 5 Hz (averaged
over time increments of 1 s for each probe) and subsequently analyzed on the University VAX
computer. Frequent calibration of the probes indicated high-reliability mcasurements with an
accuracy of +2% of the full-range density difference 0.025 g/em’,

Visualization data are also obtained by coloring the injection tank contents and using a video
system. A secondary injection system (not shown) can provide short pulses of solution into the
bottom of each subchannel to visualize and measure (from the time to traverse two axial probe
positions) respective subchannel velocities. A two-velocity fiber optic LDA 1s also available for
local velocity measurements at latter stages ot this study

Pictorials of the overall experimental arrange aent, the test section, and the injection system
are shown in Figure 10 (a-c).

Fig. 10a. Overal! experimental setup.

“ ;' !! .'4'.'1. "‘\{.\..'«1 }n" e

Here we make use o an existing flume in the adjacent Ocean Engineering Laboratery
(Figure 11) fitted by the 3x3 square grid array of control tube guides. The flume can provide
up to 5,500 gpm over a flow cross section of 37.75 x 35.25 inch (tube height, outsid
and center to center distance are 37.75, 10.75, and 11.75 inches, respectively). Here th

is distributed (rather than forcefully injected) at the top of the subchannel space of the first
one or two rows, and the mixing behavior as it 1s convected across the tube array 1s followed
by video recordings (conductivity probes are available for future measurements). Viabihiy
this experimental arrangement has been demonstrated by scoping experiments; however, actual
testing is scheduled to follow completion of the VMR series of runs (next year)



Fig.
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4. EXPERIMENTAL RESULTS AND DISCUSSION

In conjunction with development of the experimental techniques, an extensive set of ex
periments (visualizations) were run in both the VMR and the HMR facilities. Visualization
data indicated a strong tendency toward complete mixing. Basea on this initial information, the
program was dirccted, accordingly, towards establishing the minimum boundaries for complete
entrainment and mixing. An indication of the kind of data obtained at this stage 15 given in
Figure 12 (p; = 1.4 g/em®, 3-nozzle injection) and Figure 13.

In the second stage, we sought to identify such minimum boundaries for the VMR with a
3-nozzle injection. In this first stage of quantification we would have preferred to work with a
single nozzle injection (~10 gpm); however, because of the large quantity of recirculating flow,
from a measurement accuracy standpoint we felt more comfortable with a 3-nozzle, ~30 gpm
injection. Nozzles number 3, 4, and 5 counting from the top were utilized in these experiments
Tliree sets of experiments were performed with CaC/l; (p; = 1.4, 1.316, and 1.104 g cm’). In
these sets, we exposed the injecuon solution to a variety of recirculating flows

Typical data records (the test matrix containing the conditions of all runs can be found In
Table A.1 in the appendix) for a significantly-stratified and a fully-entraining (100% mixing)




Fig. 11. Flume utilized for studying the HMR.



Fig. 12b. The mixing phenomena in the VMR (partial entrainment at 480 gpm).



Fig. 13. The mixing phenomena in the HMR

1

behavior are shown in Figures 14 and 15, respectively. The delay time (7;) indicated on these
figures is the time required for a fluid particle to traverse from the lower injection nuzzle to the

outlet probe location at the mean flow rate. These data may be analyzed by means of a mass

balance, as follows

hore - » 1 > s cither hy ne o) 1 » a st 3 "ne } ey ] 3
where V' is the volume of the subchannel space in the test section, (0 and Q; are the recirculating
and injection flow rates, respectively, and p,, p,,, and p are the inlet, outlet, and test section

. sty 2 ) - h Ao . he , Y time \ \ \ {
average densities, respectively. A rough indicator of the test section time constant can be obtained

by setting p = p,, 1€

[his yields 12.4 s and 10.6 s (the ¢

] timM e ri ithin 1 thoace) he fitn ' T 14
ay times are within 1 s of these) tor the runs of Figures 14
£l {
f i

and 15, respectively. Thus, if the i ow 1s fully entrained,

very short time, and Eq. (2) yields

{ (/ () () ( }

(' v ersel T rev 1 hiip v Hoowe an e b1a%e n ko het I i A\ ¢ 1 e
Onversely, medsurca vaiucs ol NHows and denstities G« ¢ SU ' + 1IC1C C

the extent of departure from perfect mixing as reflected by the transic . t X
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mixing efficiency can be defined as the fraction of injected salt mass that actually leaves the test
section, i.e.,

e .
A Al):; ;)R"‘*’ Ql‘ (5)
Ap; Q1
where
Al’o = po— pi and Ai"l =PI P (6)

Thus, each pair of measured densities (p,, pi) corresponds to a mixing efficiency, as shown in
Figures 16 and 17 for the runs of Figures 14 and 15, respectively. The results for all the runs
are given in the appendix.
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Fig. 17. Mixing effciency data for a typical fully-entraining run (3-nozzle injection).

An interesting discriminating feature between complete and partial entrainment may be
noted in these figures. In those runs that reflect complete entrainment, the mixing cfficiency
rises, within a few seconds, to a well-defined plateau. In contrast, for those runs characterized
by partiai entrainmen, the mixing efficiency rises slowly and more or less uniformly for the
duration of the run. This, of course, is expected as the accumulation term in Eq. (2) 5 now
controlled by a significantly longer time constant (5 # p,). Eventually, in this case also, 100%
efficiency can be reached; however, this long term behavior is not of interes: to the practical
problem addressed here.

The short-term entrainment results from all runs are summarized in Figure 18. The effi-
ciencies quoted here were obtained from the transient measurement of densities (Piy po) at a

14



time eaual to the delay time (74) discussed above. The lower boundaries for perfect mixing for
the three sets of experiments are obtained from Figure 18 (minimum values of Qp at which
¢ = 100% (using a least squares linear fit)) are summarized in Figure 19. The protntypic Ap/pi
value is 0.355, which, using a least squares linear fit and Figure 19, yields 583 gpm (~8.2% of
rated) as the lower boundary of the full entrainment regime for 3-nozzle injection. This value of
lower bound "y agrees very weil with the value, obtained using Froude scaling (U \K,— 21),
of 557 gpm (7.8% of rated). In combination with the HMR, we believe that the actuzl threshold
is considerably lower than 8.2%. What remains to be done is to establish such trends as a
function of the number of injection nozzles (up to seven) and subject the imperfectly mixed
ranges to the horizontal mixing regime. Also, we plan to co'sider the effect of higher injection
flow rates since such, perhaps in combination with enriched boron, could be quite beneficial in
achievirg rapid shutdown.
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400 600 800
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5. CONCLUSIONS AND RECOMMENDATIONS

So far we have established a scaling rational and an experimental approach to assess boron
mixing in the lower pleni m of a BWR during ATWS. We have determined that with a three-
hole injection full entrainment occurs at natural circulation flow of ~8.2% of rated. Clearly, it
is important to pursue the effects of nozzle number (up to 7), and the mu'tidimensional flows
in the partially entraining regime. The latter will provide the boundary conditions for exp'oring
the secordary en‘rainment in the horizontal mixing regime. Based on what we have seen, we
believe it will be possible to demonstrate perfect mixing for the practical situation of interest
under ATWS and to eventually effect a change of operator procedures to the benefit of real as
well as perceived safety.
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DETAILED EXPERIMENTAL RESULTS

APPENDIX

This appendix contains the experimental data from all runs performed so far. The table
below gives the conditions for each and the key result, i.e., the % entrainment. This table is also
used as a key to the figures that follow; Fig. x-y(z) means: x is the set number (I, II, or 1II), y
is the run number (1 to 19), and (z) is set to (a) for figures presenting measured inlet and outlet
concentrations, and to (b) for fipures presenting deduced entrainment transients. The delay time
4 has been defined on page 12, and the entrainment shown in the table is read off these figures
for time (from the start of the run) equal to this delay time.

As mentioned in the body of the report, all these runs were made with CaCl, and using
3-nozzle injections (nozzles number 3, 4, and 5).

TABLE A.l

Experimental Test Matrix

Set# | Run # 21 Ap/pi Qn Q, Td % Entrainment

(g/em’) (%) (gpm) | (gpm) () at 7y

1 318 325 16 45

2 426 32.8 12 70

5 507 325 11 100

| 4 1.4 28.57 513 325 10 08
S 586 325 9 100

6 700 325 8 100

7 850 325 6 98

8 248 20.2 20 30

9 309 30.2 17 48

10 378 30.2 14 66

Il 11 1.316 24.00 393 30.2 13 71
12 457 30.2 12 94

13 600 30.2 9 100

14 252 20.8 20 49

15 301 29.8 18 71

16 367 298 14 100

I 17 1.194 16.25 419 29.8 13 98
18 588 29.8 9 99

19 {128 29.8 7 100 1
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