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SUMMARY

This report consists of two parts. In Part | physically based caleulational models
are proposed for predicting (a) conditions for steatification due to HPI in a cireulating
reactor loop (stratification model) and (b) cooldown transients due to HP in a stag-
nated primary reactor fluid (thermal mixing moael) The integral aspects of these
mudels are confirmed by comparison to the CREARE 1/hesenle data In part Il the
Mmdﬂ:h.mﬂﬂumdhunwd-wﬂuhlbulmbym
parison to the first round of data from Purdue's 1/2scale facility. These data are the
only available large-scale data at this time and they are an importans complement to
CREARE's 1/5-seale results in constructing a basis for seale-up to reactor conditions
Facility construction, instramentation, data reduction techniques and detailed exper-
mental results are also included in Part Il
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NOMENCLATURE

A flow area
¢ concentration
€, heat capacity
0 diameter

Fr.  actual Froude No. of stream © @ /A, /(a0 (8p/o))""
Fr., superficial Froude No. of flow stream | in cross section ). @ /A4, /b (dp/o))*
¢ aeceleration of gravity
A height of stream i, or heat transfer coeflicient on slab |
plume length
L width of downeomer
I time
¢ flow rate
Qw  wall heat flux
& wall slab surface area
T temperature
v weloeity
Vo volume
W width of stream or of planar plume
¢+ Adistance from wall
vy distance from wall (along vertical dinmeter)

” M well mixed mean volue, mixing cup
¢ ol sream MM mixed mean (loeal flow averaged)
OL eold leg ro plume

pe o downeomer ¢ Initial

¢ entrained in plume M perfectly mixed

s pressure injection :l mmm

r : 12 referring to steatified foid layers
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1. Introduction

This Part of the report deals with the prediction of downcomer coolant tempera-
ture transients in the presence of stratification in the cold icg due to high pressure
injection (HPI). Such thermal stratification is obtained at low (and zero) loop flow and
it is not represented in the system codes (TRAC, RELAPS5) currently used to simulate
transients with Pressurized Thermal Shock (PTS) potential.

In the limit of perfect stratification the heavy (cold) HPI fluid (typically at ~ 90°F)
would flow as a separate stream “sliding’’ along the bottom of the cold leg and *‘fal-
ling"" along the length of the downcomer thus exposing critical vessel wall welds to
severe cooling and thermal stresses.

At the extreme of perfect mixing, on the other hand, a loop flow of only a few
times that of the HPI would be adequate to drasticaliy reduce the cooling effect of the
safety injection. However, at very low luop flows (i.e., @, ~ Qup) severe cooldown tran-
sients are predicted on the basis of the “perfect mixing" hypothesis also, i.e.,

- Q Qurs (1)

Ty = — T, + T
» % *Qum ° Q + Quer ™M

In the case of zero loop flow the temperature, Ty, within the volume which is assumed
as perfectly mixed, Ty, will decay exponentially to the HPI value with a time constant
r given by

Tult)y - T V,
Teo = Tum Qurt

Taking the cold leg plus the downcomer volume for V,, would yield a time constant of
a few hundred seconds, i.e., a rather severe cooldown.

The physically unrealistic and highly conservative nature of the “perfect
stratification” assumption has been readily recognized, and early work >mphasized the
“‘perfect mixing™ (or “‘control volume,” or “time constant”) approach [1,2], which
appeared to be consistent with the experimental simulations at CREARE obtained
with an 1/5-scale cold leg-and-downcomer configuration.

The existence and implications of ‘‘partial stratification,” whose behavior is not
bounded by the two extremes considered above, were first discussed by Theofanous and
Nourbakhsh [3]. Using flow regime stability criteria it was possible to demonstrate that
for typical high pressure injection in a stagnated loop a well-mixed cold leg could not
exist. The implied cold leg stratification, was then shown to induce a recirculating flow
pattern extending to the bottom of the lower vessel plenum and of the loop seal. The
effect is to “activate” these relatively large additional volumes, thus substantially
increasing the cooldown time constant. Furthermore the degree of stratification (i.e.,
the temperature difference between the cold and hot streams) which is consistent with
this flow pattern was found to be rather small. These trends were confirmed with
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subsequent tests with the 1/5-scale facility at CREARE which was modified to incor-
porate the lower plenum, loop seal, and pump volumes [7]. A quantitative interpreta-
tion of these test results in terms of a more integrated, and refined, version of the origi-
nal, “regional mixing,”’ model 3], is given in Sections 3.1 and 3.2 of this paper. Predic-
tions for a full-scale PWR are presented in Section 3.3.

The modeling approach in the “‘regional mixing model” is to mechanistically
integrate local flow and mixing behavior into an overall system response. In addition to
the 1/5-scale model comparisons of Section 3, it is important to ex perimentally support
the computational model with regards to its accurate representation of local phenomena
(plume decay, counter-current flow accommodation of the cold leg exit) as well as with
regards to its applicability to full-scale. This topic is covered in Part II of this report.

Actual PTS transients [4,5] exhibit rather complicated HPI and loop flow histories.
Periods of high loop flows (perfect mixing, system code results applicable) are inter-
dispersed with periods of flow stagnation (stratification, “‘regional mixing model” appli-
cable). Partial stratification is also possible at non-zero loop flow. A procedure for
assessing the extent (timing) of such “intermediate” behavior is developed in Section 2.

2. Criteria for Prediction of Stratification

As pointed out earlier [3] {or a well mixed condition there must be sufficient loop
flow to not only break up the HPI plume but also to produce a stable exit of the result-
ing flow into the downcomer. The boundary of stability is expressed in terms of the
local Froude number by [3]:

Frg =1 (3)

which is the degenerate case of the more general condition

Fri + Fr§ = 1 (4)

expressing the stationarity of long waves at the interface of two parallel lowing liquid
layers of different density [6]. These conditions are analogous to flow choking (or flood-
ing) in the sense that the two-layer flow cannot be changed gradually through a state
where Eq. (4) applies without leading to violent disruption of the flow by internal
discontinvities (i.e., hydraulic jump for the case at hand).

The condition expressed by Eq. (3) is applied with the tcial flow Qr:
Qr =@ + Qun (5)

at a mixed mean temperature given by Eq. (1), i.e.,

Qr ou = o |”
Ao [' Dex oM } (6)
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The density ratio may be expressed in terms of the component flows and densities by
employing, approximately, “‘average’ expansion coefficients, i.e.,

M~ P 3
_" 5 ~ 5“ (TL = TM) ‘7)
M
PP = P = 3
o . B N Bue; (Ty = Typ) (8)
Prpr

to cast with the help of Eq. (1), Eq. (6) in the form:

82 ( = 1/2
Frups.c1 ,[| + -Q—‘-I l L ] (9)

QHPI B”p’

The effect of 3T nonlinearity, as deduced by exact calculations, is to slightly change
the flow ratio exponent in Eq. (9), ie.,

Q |
Frypr.ct ’-”{l + QH"] (10)

The stratification/mixing boundaries expressed by these equations are compared,
in Figure 1, with the CREARE 1/5-scale data [1,7,10]. Excellent agreement is noted.
Both data and theoretical development were aimed to the Fryp; ¢ range of interest indi-
cated in Figure 1 and the predicted boundary outside this range should be viewed with
caution.

Clearly, depending on the imposed conditions, various degrees of stratification may
be obtained. We have made no effort to distinguish between them. Rather, from the
oscillatory temperature behavior, typically evident even at rather small departures from
perfect mixing, an unambiguous classification into the perfectly mixed and stratified
(lumping of all degrees) states was made. In this sense, our stratification criteria should
be considered as providing a high estimate of the flow ratio, Qc / Quer, necessary for
ignoring stratification. This would be particularly true as Fryp 4 —0 yielding drastic
increase in mixing both as a result of plume mechanics (see section 3.1) as well as a
result of backflow in the injection line itseif (see Part II).

However, the above approach is adequate for our purposes. Typically natural cir-
culation flows are in the 150-250 kg/s range, while high pressure injection occurs at ~
10 kg/s. In terms of our stratification criteria parameters, these values correspond to
Frupa ~5 - 107 and Q,/Qupy ~ 20, indicating perfect mixing. That is, for actual reac-
tor conditions stratification would be obtained only during flow stagnation.
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Figure 1. Comparison of theoretical stratification criteria, Eq. (10), with the

CREARE 1/5-scale test results.

3. Prediction of Cooldown Transients due to HPI

3.1. The Regional Mixing Model (RMM)

In the previous section, we concluded that for PWR conditions “stratification”
under HPI may be considered synonymous with interruption of loop natural circulation
(“stagnation”). The RMM was devised to address this condition of interest. The con-
ceptual model and caleulational procedure are explained with the help of Figure 2. As
we argued previously [3, 11}, due to the large volume of the whole system, compared to
the HPI flow rate (i.e, long time constant), and except for a short-duration initial tran-
sient associated with the establishment of the overall circulation pattern, the tempera-
tures decay slowly compared to the fluid particle residence time in the cold stream por-
tion of the circuit. The whole process may then be viewed as a decay (by mixing-
entrainment) of highly buoyant jets (plumes) in a slowly varying ambient. That is,
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temperatures of cold layers are estimated quasi-statically (i.e., as in snap-shots in time)
on the basis of the instantaneous ‘“‘ambient” temperature which is found as a continu-

ous function of time for the duration of the transient.

Qe

at Twm

Lower Fienum
at T“

Figure 2. Conceptual definition of the Regional Mixing Model. (MR is mixing
region i.)

This procedure is based on the observation that significant decay of the HPI plume
occurs right at the point of injection (MR 1) yielding already relatively small degree of
stratification in the horizontal portion of the cold leg. The temperature difference
between hot and cold streams is further reduced by mixing in the regions near the
entrance tc the loop seal and downcomer volumes. Thus, from an overall energy bal-
ance point of view these volumes as well as that of the lower plenum are taken as well
mixed, at T,. Taking into account the heat conducted from the metal walls, @y, the

Ty transient may be found from:

¥

i Qw =~ Qum #Cp (Ty - Tupr) (11)

eV Cp

Qw = L 45, (Tws, = Tu) (12)
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The wali surface temperature, Ty, is found numerically by solving the conduction
equation in an appropriate number of metal slabs (corresponding to the vessel and pipe
walls and the thermal shield). The local heat transfer coeflicient, hi' is obtained from an
approjpriate mixed convection correlation or, a rough constant, and uniform, value may
be utilized. The stainless steel vessel wall cladding is also taken into account.

The temperature T, physically exists, as discussed above, in the major portions of
the loop seal, downcomer, and lower plenum. In the cold leg (pump) and in the upper
part of the downcomer, however, T, represents an “average’ of the hot and cold
stream temperatures, and it can be partitioned by:

‘V.TM = VHTH + "(“T(' (13)

Ve =V, + Ve (14)

Vy includes the volume of the top layer of the cold leg (and pumpj, as well as an upper
section of the downcomer, extending two cold leg diameters below the cold leg center-
line (see Part II, Section 5), which is essentially at the hot stream temperature. As nei-
ther the volumes, nor the temperatures of the two streams in the cold leg are known,
additional constraints are required to complete the partition.

At the point of injection (MR 1) the cold plume decay depends upon the injection
Froude number (Fryy) and the length, hy, of the plume exposed in the hot stratum. A
x=c=¢ turbuience model [3,8] was utilized to compute this decay. The results for total
plume flow { @y, plus entrainment) and mixed mean plume temperature are given in
Figures 3 and 4. In the area of interest these results may be represerted by:

Q by |2
— = 0.5176 Frap¥
Qurr Dypy ] i (15)
h
for: 0.2 < Frypy < 1.and 0.5 < —— < 4
Dypr
Tuw = Ty e |
=1l + 16
Tupt = Th [ QIIHI (16)

which were utilized, for convenience, in the computations. The stratification in the hor-
izontal travel (MR2) is stable, any additional mixing is neglected, that is,

Te = Tum (17)
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Figure 3 Prediction of total flow in axisymmetric plumes (jets).
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Figure 4. Prediction of mixed mean (radially averaged) temperature for axisym-

metric jets (plumes).
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The essential control of the overall process, that is problem closure, is provided by
the counter-current flow condition at the two ends of the cold leg, i.e., the #nld stream

will accelerate till it reaches a value consistent with plume decay and hot stream

entrainment requirements as expressed by the condition of stationarity of long waves,
Eq. (4). The algebra for circular cross sections was carried out by Gardner [9] in connec-
tion with a different application, and the result indicates a Froude number definition

with a length scale expressed as the ratio of the stream cross sectional area and the

width, W, of contact between the two streams, i.e.,

(Qc/AcF __ , __(QulAnF
Ac pc = u i Ay Pc = tu
W Pc W PH

=1
g

The flow areas may be expressed in terms of the stream heights, A Ay, by:

D2 D
Ac = (r = a)= + (05 Dy = huj M (Dcr = hu)*® for he > —F
where,
a = arctan {hy* (Dey = hy)"5(0.5 Dy = hy) }
and:
D2 D
Ac = a L - (05 Dey = he) A* (D - "(‘)'/2 for he < ;L
where,
a = arctan (A {(Doy = he) /(0.5 Doy = he) )
while,

A(‘L = AC k2 AH and D(‘L = h” + ‘C

(18)

(19)

(20)

(21)

In the caleulations presented here we apply Eq. (18) only at the vessel junction of the
cold leg. To make up for this simplification we assume symmetry, i.e., equal amounts of
HPI plume entrainment, @, obtain_d from each side of the cold leg. Thus for the left-

hand portion of the cold leg the hot and cold sireams will each move at a rate of

1/2 @, while mass conservation on the right-hand portion requires that:

A
P Qﬂ-zqc

(22)



19

Q = Qun + 5 Q. (23)

This simplificat.or could be removed (i.e., apply Eq. (18) to both ends of the cold leg)
after the role of pump internals is clarified from current 1/2-scale tests at Purdue and
CREARE.

Equations (13) to {23) are solved by iteration with the help of the equation of state
p=p(T). For each time of inicrest, Ty is obtained from Eqgs. (11) and (12), values of T,
and hy are guessed and updated till all equations and in particular the conditions
expressed by Eqs. (13) and (18) are satisfied. Convergence is rapid with typical compu-
tation CPU times of ~ 50s on the CDC 6600 for a 3,000 s transient.

The temperatures in the downcomer may be estimated on the basis of the tem-
perature transient of the cold stream spilling over the cold leg. Visualization experi-
ments indicate (see Part II) that within ~ 1 cold leg diameter the flow is highly three
dimensional with a tendency of the plume to descend closer to the core-side of the
downcomer width. From the point of view of fluid temperature in the vicinity of the
vessel wall this behavior may be closely bounded by considering two extreme cases: (a)
the plume is totally contained between the core barrel and the thermal shield (if
present), and the temperature along the vessel wall iz nearly uniform and given by 7,,,
i.e., Egs. (11) and (12), and (b) the plume occupies the whole width of the downcomer,
(that is, it descends as a planar plume, with an initial width obtained, by continuity,
from the flow in the cold stream) and decays by entrainment from its sides. The center-
line (minimum) temperature of such a plume is estimated from the resu'ts of the x—e-#
turbulence mixing model shown in Figure 5 [3].

The whole computation has been automated in a user-convenient form in the code
REMIX (for REgional MIXing model). The associated documentation is in preparation
[12].

3.2. Application to CREARE 1/5-scale Tests

The “Regional Mixing Model”” was applied to all 1/5-scale tests carrie¢ out with
zero loop flow. Typical comparisons of the predictions with the experimental measure-
ments are presented here.

Some of the test runs were carried out with thermally induced buoyancy (initial
primary fluid temperature and HPI flow and temperature adjusted to obtain-the
appropriate Froude number) and some with solute induced buoyancy (HPI flow and salt
concentration adjusted to obtain the requisite Froude number, while the temperature
was used as a "tracer’'.) We have chosen for this presentation one from each of those
two classes. For the solute-induced buoyancy case (Run 100) the RMM was applied
using mass in the place of energy balances and the equivalence between dimensiorless
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concentration and temperature distributions, i.e., neglecting the density changes due to
temperature variations. After the mixing pattern is calculated, the results are converted
to thermal dilution, for comparison with the experimental data.

1.0 N \ T T
0.8 F'o = ' .5 -
0.8} .

3

T b -

L3

0.4 - -
Fr, =0.6-
0.2 —
i | i 1
"3 2 4 B " 70
W
Figure 5. Prediction of centerline temperature in planar plumes, as function of

axial position. Fr, is based on plume width and velocity at the entrance
to downcomer.

Also, the experimental program covered a number of combinations of the loop seal,
pump simulator, and lower plenum volumes, attached to the basie, previously used,
cold leg/downcomer coufiguration. In an attempt to reasonably represent these varia-
tions in experimental conditions one run was chosen (for these comparisons) with all
volumes attached {Run 100) and one having only the lower plenum present (Run 106).

The predictions are compared to the experimental data in Figures 6 to 9. The
agreement is uniformly good. Notice that the whole downcomer behavior is closely
bounded by the cold stream (T.) and the mixing cup (7Ty) temperatures. That is,
within one-to-two cold leg diameters temperatures as low as T. are found (at the plume
centerline), while further below temperatures approach T,. It should be noted that wall
heat (1 inch-thick acrylic downcomer walls, stecl lower plenum, ete.) was also taken
into account in these calculations, and was found to be significant for the long-duration
thermal runs. Due to the low thermal diffusivity of acrylic the results are not sensitive
to the value of heat transfer coefficient utilized in Eq. (12). The losses to the environ-
ment, which are also important were taken into account.
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RUN 100

150

-
W
o
S
-
100 -
] 1
5% 0.4 0.8 1.2
t x 1072 (s)
Figure 6. Comparison of RMM prediction with CREARE's 1/5 scale test results.
{O for TlOﬁ' outflow; 0 for Tl' bottom of cold leg.)
T T
RUN 100
150 -
-
w
o
S
-
100~ -
1 1
“o 0.4 0.8 1.2
t x 1072 (s)
Figure 7. Comparison of RMM prediction with CREARE's 1/5-scale test results.

(T, g at~ 1D and T“ at ~ 6D below the cold leg in the downcomer.)
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RUN 106

T (°F)

100

50

t x10°% (s)

Compﬁbon of RMM prediction with CREARE’s 1/5-scale test results.

Figure 8.
O for TlOB' outflow; 0 for Tl' bottom of cold leg.)

RUN 106

150}

T °F)

60
08 1.6 24 3.2

T x 10°* (s)

Comparison of RMM predictions with CREARE's 1/5-scale test results.

Figure 9.
”7.8 at ~ 1D and T“ at ~ 6D below the cold leg in the downcomer )



113

3.3. Predictions for Full-Scale PWRs.

The RMM is now used to predict the cooldown transient due to HPI in a 3-loop
Westinghouse PWR. Loop circulation is assumed stopped for the duration of the
accident. This calculation is given only as illustration. In actual transients, loop flow
due to natural circulation is reestablished periodically.

Metal heat was taken into account, (conduction slabs including the stainless wall
cladding), except for the pump and lower plenum internal structures. R esults presented
here were obtained for a fluid-to-wall heat transfer coefficient kept constant at 500
BTU/hr 112 °F. A sensitivity study obtained with a value of 100 BTU/hr ft> °F pro-
duced the same results. The overall sensit vity for heat transfer co flicients between 0
and 1000 BTU/hr ft* °F is less than 10°F

The fluid temperature transient is shown in Figure 10. The vessel wall temperature
profiles as they develop with time are shown in Figure 11. These wall temperatures
were based on the mixing cup (7y) downcomer temperatures and are, therefore,
representative of the global vesse! wall response. However, as shown in Figure 10 in the
entrance region of the downcomer plume fluid temperatures are only 50°F lower (at the
plume centerline) than T, hence the mazimum change in applying these temperature
profiles on a local basis would also be ~ 50°F.

These results are very close to those presented earlier [3) and they indicate that
the fluid cooldown would be mild and the imposed vessel wall temperature gradients
are rather small.

6 h L |

W PWR

&

T x 102 (°F)
~N

’Lﬁ 8 e 24 33

t x 10°* (s)

Figure 10 Predicted fluid temperature transients in a 3-loop Westinghouse PWR
(T and Typc dre st top and middle of core elevations in the downeo-

mer).
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Figure 11 Predicted vessel wall temperature transients for the cooldown transient

depicted in Fig. 10.

4. Conclusions

A physically based calculational model is proposed for predicting cooldown tran-
sients due to HPLin a stagnated primary reactor fluid. The integral aspeets of this
model are confirmed by comparison to CREARE's 1/5-scale data.

It is concluded that stratification rather than perfect mixing controls the response.
As a consequence of stratification large scale circulations are set up that cause the par-
ticipation of the HPI with all the primary fluid in the loop seal (one leg and horizontal
segment), pump, cold leg, downcomer, and lower plenum. Due to (his large thermal
inertia the global cooldown is rather slow. Furthermore, it is shown that the stratified
layers do not represent precipitously colder regions, and, in general, they follow the glo-
bal cooldown within ~ 50-100 °F .

A criterion for the existence of perfect mixing, in the presence of loop flow was
developed on the basis of theoretical considerations. The predictions are consistent with
CREARE's 1/5-scale results. For typical natural circulation and HPI flows this eri-
terion predicts good mixing, i.e., in practice stratification could only be observed during
flow stagnation.
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1. Introduction

Natural circulation loop flow is typically 10-20 times larger than High Pressure
Injection (HPI). Stratification effec . on Pressurized Thermal Shock evaluations, there
fore, become relevant for transients that vield loop stagnation (interruption of the
natural circulation path) and high primary system pressure. This is the physical situa-
tion addressed by our Regioaal Mixing Model (RMM) [1,2]. The RMM is a
fundamentally-based model that integrates “local” plume mixing behavior into an
overall system response. A priori application, to the CREARE 1/5-scale (systems) tests
indicate good predictive capability (see part I). Comparisons with the limited available,
low Froude number, simple plume (planar and axisymmetric) data (2] on the other
hand indicate that the model incorporates quantitatively realistic mixing rates at the
local level. Yet, encouraging as these comparisons might be, they could not be con-
sidered complete. In addition to the considerably more detailed data on “‘continuous”
space-time distributions of temperatures (concentrations) and velocities which would be
required to test the RMM at the fundamental level, it was noted that certain “scaling”
and “injection-geometry” considerations should be addressed [1,2].

There are several related aspects to the “sealing’” question. They all originate
from the fact that Froude number scaling, in reduced-scale experiments, yields large
non-similarities in Reynolds numbers (particularly for low values of Ap/p, as for exam-
ple, in low pressure thermal tests). For instance, the injection Reynolds numbers for
the 1/5-scale CREARE runs 100 and 106 (see Part 1) were 8... x 10° and 2.6 x 10”
respectively as compared to a value of 8.4 x 10 expected in the reactor. Similarly, the
cold stream Reynolds numbers, as deduced from the analysis of Part I, were 2.2 x 1
and 2.7 x lO3 respectively as compared to a reactor value of -~ 3.2 x 10°. The question
is whether the implied barely-developed turbulence in the experiment could have
caused a significant loss of similitude. In a similar vein, the potential effects on the
breakup (entrainment) characteristics of the injected plumes (+lready shown numeri-
cally to be sensitive to the initial level of turbulence [2]) should be considered. Finally,
the associated significant reductions (in the experiment) of the momentum fluxes in the
various currents (streams) cannot be a priori neglected. Such effects are relevant in
impact-like geometries, such as where the injected plume encounters the cold leg boun-
dary or where the cold stream encounters the core barrel as it enters the downcomer,
and might be responsible for variations (non-similarity) in local flow regimes and mix-
ing.

The “injection geometry™ questions originate in the possibility of backflow into the
injection line as dictated by the flow regime stability criteria (see [1] and Part I) at the
injector outlet. Such counter-current flow in the injection line would imply, in terms of
the RMM, increased contact of the jet with the ambient fluid (i.e. an effective longer
axial dimension) and hence increased mixing.
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3. Instrumentation and Data Reduction Techniques

['he essential measurements during an experimental run include the injection flow
Ihe injection flow

rate and local-instantaneous velocities and concentrations (dilution)
rate 15 continuously recorded on a strip chart recorder as the output of a turbine flow

meter (Mead Instruments, Model PT 250) calibrated to an uncertainty of 1%
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Figure 1. Schematic of the facility - side view (Configuration 0) Dimensions ('
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Leg = D: 0343, lyw i, pe 201, bupy 1y sont riange: 0.76; Injection Line - b
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TR 1,4 (traversing), ST1,2 (stationary).
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CONFIGURATION-O
(TOP VIEW)

Figure 2. Schematic of the facility - top view (Configuration 0). See caption of
Figure 1 for dimensions.



Figure 3 Photographs of the experimental facility: (a) injection line/cold
leg/downcomer, (b) cold leg/downeomer/plenum
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Figure 3 (continued). Photographs of the experimental facility: (¢) general view (d)
instrumentation set-up.
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L.. (pump side): 0.98, 4, : 1.65, [, : 1.59.
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Hot film probes and conductivity probes are employed for the measurement of velocities
and ¢ ncentrations respectively. In the present Configuration #0, such measurements
are made by traversing these probes at the exit of the cold leg (along a vertical diame-
ter) and in the downcomer (along the gap) at about 45 cm below the lower cold leg lip.
as shown in Figure 1. These will be referred to as locations TR1 and TR2 (for travers-
ing) respectively. A third conductivity probe is intended to record, continuously, the
"ambient (in the RMM sense). This is accomplished by immersing it in the overflow
line, position ST1 (for stationary). Another location, ST2, off to the side of the down-
comer, as shown in Figures 1 and 2 has also been occasionally used. Provisions for
traverses along a diameter of the injection line, near its outlet (location TR3), and
along a cold leg diameter somewhat closer to the exit (location TR4), have also been
made, but not employed as yet. To avoid interference, and to optimize our data
acquisition capability, the hot film and conductivity probes are used separately in each
run. That is, for each experimental condition a pair of runs is made. With an excel-
lent reproducibility and facility of operation (~ 3 hours for preparation and run time)
this procedure is acceptable and not particularly burdensome.

The hot film probes are TSI model 1212-60NaCl and come specially insulated for
longevity in a brine environment. They are used in conjunction with a two-channel
TSI anemometer and data conditioning system, Model TSI 1050. The probe is carried
within a stainless steel tube (0.95 em OD) with the sensor element (0.215 ¢.n in diame-
ter) protruding as illustrated in Figure 6.

The probe of position TR1 is operated at an overheat ratio of 4% while for the one at
TR2 (typically at higher velocities) an overheat ratio of 2% is used. By slightly heating
the water during filling of the facility, a constant temperature, within 0.5°C, may be
obtained. The fluid temperature at the sensor is continuously measured by a thermo-
couple incorporated in the probe support, allowing the temperature compensation of
the probe output to be made when necessary. Calibrations are done by placing the
probe at the centerline of the recirculation piping (see Figure 1) in series with a rotame-
ter. Stable operation during a run and reproducible calibrations, reflecting small
corrections due to density variations, have been consistently obtained. The overall
velocity measurement error is estimated as less than ~ 5%.

The conductivity prcbes employ silver electrodes and they, as well as the
amplifiers, are home made and have an estimated frequency response of ~ 1,000 Hz. A
probe is carried within a stainless steel tube (0.95 em OD) with the sensor element (an
overall dimension of ~ 1 mm) protruding as illustrated in Figure 6. After considerable
development work, the probes are stable with excellent reproducibility in calibrations.
The overall concentration measurement error is estimated at less than ~ 3%.

Each stainless steel probe holder (O-ring sealed at the wall) is coupled to a linear
traversing device driven by a high torque motor (Japan Servo, Mode!s 8H-6 and 6G5H).
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Figure 6. Photograph of the hot-film/thermocouple probe (top) and concentration
probe (bottom).

e output of a displacement transducer provides the instantaneous position of the
probe, which is continuously recorded along with the probe signal. The whole arrange-
ment is shown in Figure 7

All data are recorded continuously on three strip chart 2 pen recorders (Watanabe,
Model SR 6253), a Lockheed, Model Store 4D 4-channel FM magnetie tape recorder,
and after conversion to digital form, to a PDP-11 minicomputer. Only the digital data
are used for reductions. The analog reeards are obtained for visualization of treads
during a run, as well as for backup. Both motors are timed to produce a complete
traverse in 6§ s, and the probes are set in continuous translation throughout a run.
The computer samples each probe at 20 ms intervals. For analysis purposes, each
traverse is diseretized into twelve segments (2.51 em each for TR 1 and 0.85 em each for
TR2), with a total of 256 data points per segment. Mean values and the standard devi-
ation of the fluctuations (i.e. root mean square velocity and concentration fluctuations)
around these means are computed for each segment and assigned to a spatial location
corresponding to the segment mid-point. Except foi a vegion above the mixing inter-
face where the fluctuations are quite violent, the probe signals are varyirg slowly, both

in space and time, and the above procedure was found as a good compromise between



Figure 7.

Photograph of the traversing mechanisms in the cold leg (left) and

comer (right)

down-
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quality of statistics on one hand and space-time trend resolution on the other. Sample
analog signals are shown in Figure 8. From the so-reduced data, the time-wise varia-
tions of each location may be directly constructed. Synchronous, spatial distributions
may also be obtained by cross-plotting (interpolating) these results at selected instants
in time. Finally, dye injection visualization data are obtained by means of a Panasonie
Model NV 8850 audio-video system.

4. Experimental Program

The purpose of this portion of the experimental program is to: (a) Invest.gate the
character of the integral response of the facility, especially with regard to the distorted
lower plenum/downcomer components, (b) Demonstrate the instrumentation capability,
and (¢) Investigate the effect of Froude nmnber variations especially with regard to
backflow into the injection line.

Configuration #0 was chosen such that all “cold" stream: would flow in one direc-
tion (towards the downcomer). This allows an unambiguous approach to goal (a). It is
also convenient for goal (b) in that the consistency between velocity and concentration
measurements (i.e. water and sdlt balances) can be directly assessed.

Two Froude number conditions (goal (¢)) were chosen. A very low value of
Frusm ~ 022, which based upon preliminary flow visualization runs was expected to
yield significant penetration (backflow) of “hot* stream fluid into the injection line, and
a higher value of Fryy ~ 0.44 which was found to yield marginal penetration. These
two Froude number conditions correspond roughly to CE and W plants respectively.

For convenience, the geometric data and component volumes are summarized in
Table 1. The experimental conditions are summarized in Tables 2 to 5. The number-
ing system refers to the configuration (O, CE, W, B&W), and run number (1,23,...),
and whether the velocity or the concentration are measured (V or C).
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TABLE 1
CONF 'TGURRTION NO:D
COLD LEG ¢ FIGURE |
HP1 INJECTOR t FIGURE )
VOLUMES (Max3)
UFPER DOWNCOMER - @RBOVE NOZZLE @ A28E400
=~ BELOW NOZ2LE : ,320E+00
LOWER DOWNCOMER GNO PLENUM | S00E+00
COLD LEGC - UPSTREAM OF INJ. r 38% -01
- OOWN STREAM OF INJ, @ 195E 00
OIMENSICNS (M)
COLD LEG DIRME TER L 343IE00
HPI DIRMETER ¢ L,108E+00
DOWNCOMER WIDTH t J)IBEX0]
DOWNCOMER GRP i 1276400
DOWNCOMER PROBE TR2 10
COLD LEG CENTER LINE ' JB3SE«00
COLD LEG PROBE TRI TO
DOWNCOMER CENTER LINE t L181E«00

TABLE 2 - RUN 0-1C

TRABLE 3 -~ RUN 0-1V

TEST CONDITIONS TEST CONDITIONS

PARAMETER NOMINAL RCTUARL PRRAME TER NOMINRL RCTURL
FLOWS (Maw3/5) FLONS (Mwe3/5) "

WPl 0.831£-03 0.650-03 WPl 0.631£-03 0.637-03

LOoP 0. 0. LOOP 0. 0.
DENSITIES (KG/Mea3) DENSITIES (HG/Mes3)

WPl (OH) 1097, 1097, WPl 1097, 1094,

LOOP (DL ) 1000, 1000, LOoP 1000. 1000.
OIMENSIONLESS NOS DIMENSIONLESS NOS

HP1 FROUDE NO 216 221 HPT FROUDE NO 218 .220

COLD LEG FROUDE NO 012 012 COLOD LEG FROUDE NO A1 012

DENSITY RATIC DENSITY RATIO

(OH-OL /0L .097 097 {OH-0L 1/0L .097 094




TABLE 4 - RUN 0-2V
T TEST CONDITION: [
PRRAME TER [ NOMINAL RCTURL
FLOWS (Mww3/S]
WPl 1 .262E-03 1.274-
LOOP 0. | .
DENSITIES (KG/Mwa3) !
2 R e ———————————— "
HPI (DK 1097, | 109y,
LOOP (DL) 1000. 1600.
DIMENSIONLESS NOS |
HPI FROUDE NO 430 441
COLO LEG FROUDE NO 024 o4
DENSITY RATIO
L OH-0L 170U .097 (=)
|
————————————————————————— — ——

1116

— - o el
TAE - RUN O-
T¢ “ONC 5
SRS, o W st - - -
PRRAME TER | MINSL | BRCTUR
FLOWS (Mew
p———— ——p
HP 2E-03 1
LOOP !
SNSRI, WRSRIEINIIS Naena—. —
CENS £ KG/Man3
HPI (DM 1087. | 1097
LOOP (DL) 1000. | 00
]
M riiiasiiioty UNERIET, SN CTCUS T ———
DIMENSIONLESS NOS
-
|
WPl FROUDE NO 430 ' 56
COLD LEG FROUDE NO c24 025
DENSITY RATIO
{ OH-DL 170U 097 | 097
Rava—— J_-— DSV IR ER——

5. Experimental Results and Interpretations
The complete set of data in both plotted and tabular form may be found in the

Appendices. As the qualitative trends are similar, they will be discussed here in terms

of a representative sample.

Except for an initial transient (~ 100s), all mean velocity and concentration tran-
sients in the cold leg exhibit a monotonic, slow, and smooth, variation, as illustrated in
Figure 9. A sample of the resulting, synchronous, spatial distribution is given in Figure
10. The counter-current flow regime, as hypothesized in the RMM, is clearly evident.
Since the hot film probe cannot sense the flow direction, some ambiguity exists in
selecting the velocity sign for the 1 or 2 data points (low velocities) in the immediate
vicinity of the interface. This sign assignment, and choice of interpoiated interface
position were made such that the integrated velocity profiles, together with the known
injection rate, exactly sauisfy continuity.
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With these choices, consistency with the measured concentrations values could be
tested by performing a salt balance over the cold leg volume. Since, except for the
eatly portion of the transients, the throughputs are much greater than the rate of accu-
mulation, this test can be conveniently made. The imbalance, expressed as percent of
outfow (taken as positive) is shown in Figure 11. The systematic error indicated, we
believe, is due to the hot film sensor inability to discriminate the axial component of
veocity within the vortex sheet that occupies a narrow region (~ 2 to 4 cm) between the
two layers.

The spatial downcomer trends are illustrated in Figure 12. Although the jetting
(by deflection) effect along the core barrel wall is evident in the velocity distribution,
goc 1 radial mixing, and nearly uniform concentration distribution, seem to prevail.

A sample of the intensity of velocity and concentration fluctuation distributions in
the cold leg and the downcomer may be found in Figures 13 and 14 respectively. In the
"cold* stream, the intensities are limited to values typically expected in single phase
flow. In the "hot" stream and particularly in the vicinity of the interface highly ener-
getic fluctuations are noted. Under these conditions, much longer sample records, at a
fixed position, would be required to obtain adequate statistics. Such experiments would
also provide the data for extracting energy spectra (and length scales) and are planned
for the future.

Of particular interest to us was whether the concept of a “‘well-mixed’’ ambient in
the sense of the RMM (see Part 1), would he applicable to our facility. Specifically, we
were concerned that due to the distorted lower plenum/downcomer geometry, this con-
cept would not be as favored as it would be in the reactor system. Fortunately, the
data indicate otherwise. As seen in Figure 15, the measured “‘ambient” concentration
transient (position 5T1), is in excellent agreement with a straightforward application of
Eq. 2 of Part L.

The effect of the Froude number on the entrainment ratio Q¢ /Qup in the mixing
region MR1 (Figure 2, Part [) is evident from the experimental data. Using the meas-
ured concentration values from the runs 0-1C and 0-2C (Fryp = 0.22 and Frum = 044
respectively) in Equation 16 (Part I) the entrainment ratio is found to be 4.8 and 2.42
respectively. As we will see below these values are not inconsistent with the predictions
of the turbulence mor'el utilized in the RMM. Similarly for the entrance to the downeo-
mer (mixing region 3 of Figure 2, Part I) we deduce an eatrainment ratio of ~ 0.8, This
value is the same for both runs (i.e., independent of injection I'roude number) because
the cold stream Froude number seems to always adjust itself to a value near ~ 0.6,



MRSS FLUX IMBRUANCE (PERCENT)
-
=

e - 04 T T L4 ' b e T T

[ RUN O-1V N0 RuN O-1C

P L]
»
.u.. L] o L <
. s
"' . A e - A " - . v - - - . A A  _— b -y
0 120.0 ~0.0 0.0 w0 M09 0.0 0o 0 o
TIME (SEC)
Figure 11a.  Mass balance for Runs 0-1C and 01V,
0.0 & T 4 i T \a T T " 2 v A4 - . 2 4
] B N RO N 0, |
= ww b .
=~ 0 } 4
g L]
¥ oam} 4
a . . L] 3
o
‘-l... 3 J
b <
." A e A A . A V. t e A A A A ' A
“ 0o Mo w0 0 we o Wwa O ms W
TIME BEC)
Figure 11b,  Mass balance for Runs 0-2C and 0-2V.



nn’l

1.000 v . 4 T L 2 . 4 g 2 8 T — . ; \ -
: L] MUN O-1v (800.0 wC)
0 > s
L
P A
A
w00 | - :
L
. :
S .
RN 2 » y
: . ]
*
S0 p L] 1
s
b -
A
. Ve e A e - 4 e . e - - e —_— e - — e
0 5.0 19.00 15.00 .00 8.0 w.® ».o “.0

VELOCITY (CM/78)

Figure 12a.  Velocity profile in the downcomer, at t = 800 see, Run 61V,

\.000 . L4 a4 T o am T v = & . v 3 2
s o LU R )
- » ]
,
b 4
-
L . "
L]
s 0 *
L]
.-r . 4
A
P :
L]
S e . d
-
r <
"
- e . A A - - A - e - A . ok - e

L M A M e e vam v
CONCENTRAT[ON (WT PERCENT)

Figure 12b.  Concentration profile in the downecomer, at t = 800 sec, Run 0-1C,



n.22

l-. . T T : 2 G o o T . T y 2 L4 — v L - we
o N O-1v (8000 %EC)
L]
wo | . |
.
b
. ]
e ® '
e } . '
o -
N0 B 1
®
o -
L]
S0 ¢
-
= e
"
u - - 4 A A 4 e A A . A . A .
000 A .\ s 500 L= 780 N ] 1000

VELOCITY INTENSITY

Figure 13a.  Velocity fluctuation intensity in the cold leg, t = 800 sec, Run 0-1V.

T ) 4 A T A4 T B Lj T v L Al v T . e

L] RUN 0-1C 1800.0 SEC)

Loy "
e . * 1
-
.
00 ; .
& :
200 4
4
- A /.- b P — A A A A A e A L e
000 . . s 500 L] 780 N L 1.000

CONCENTRATION INTENSITY

Figure 13b.  Concentration fluctuation intensity in the cold leg, at t = 500 sec,
Run  01C.



i1.23

“m T L T L8 L T T A i T T L] L] Ll
o RUN O-1V (800.0 SEC)
- B
6500 L] p
L)
= 4
]
800 ° "
o ®
N -
= )
N0 - §
L e
-4
L]
200 ® p
L ®
-
®
m A - — s . L A A ' e s L .- L i '
000 128 .250 kp ) .500 825 =0 a7 1.000

VELOCITY INTENSITY

Figure 14a.  Velocity fluctuation intensity in the downcomer, t = 800 sec, Run 0-1V.,

1.000 T 4 T Y T T T T T T ™ T Y T T
o RUN 0-1C (800.0 SEC)
- g
S0 F o .
L]
o R
L]
H00 >0 4
- L]
- 4
o ®
00 ° <
L]
- .
k]
200 r L] -
]
e r
L
L e S ' - A A A 'y L A A 1 L L -~ A
000
000 g8 280 78 .500 .6es 780 A% 1.000

CONCENTRATION INTENSITY

Figure 14b.  Concentration fluctuation intensity in the downcomer, t = 800 sec,
Run 0-1C.




.24

§.000 .y 4 L v e T v 1 L 1 g | T
o RUN 0-8C TOP COLD LEG POS.
Z -} RUN 0-2C SOTTOM COLD LEG POS.
v} RUN 0-2C MBI.NT POS.

¥ 4.800 b - fMe PREDICTION y
z
Wl = 4
[
x
d
o 3.800 4
=
S
5
- 2800 .
3
—
= .
é 1.200 4
L

- 1

‘n e e A & ' " A A
a. 200. %00, 500. 800. 1000. 1200. 1400, 1800
TIME (SEC)
Figure 15. Measured concentration transients versus model prediction, Run 0-2C.

The application of the RMM to the measured space-time concentration and velo-
city distribution requires a new element, concerned with mixing within the injection
line (backflow). In a simple extension of the existing calculational framework, we
define an effective plume origin on the basis of the flow visualization data rather than
take it at the injector outlet. This effective origin may be taken at the maximum
depth of penetration of backflow into the injection line as evidenced by refractive index
changes due to mixing of the low salinity solution with the injected brine. This
backflow was found to extend by 4 and 2 injection line diameters in Ruas 0-1, and 0-2
respectively. Recognizing that over these distances the plumes are restrained, and
remain attached to the lower side of the inclined injection line, it would appear that
roughly only half of the entrainment estimated for free-fall plumes (of equal length)
may be present. Since entrainment is roughly proportional to the plume (/D (see Figure
3 of Part 1) a backsetting (from injector outlet) of the effective origin by 2 and 1 diame-
ters respectively would appear reasonable. Adding a free-fall distance (from injecior
outlet to the cold stream surface) of ~ 1.6 diameters (same for both cases) we obtain 2.6
and 3.6 diameters respectively. The calculated entrainment ratio, corresponding to
these lengths is found (Figure 3 of Part I) as 4.8 and 2.5 respectively, in good agree-
ment with the experimental results.
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These effective plume origiu estimates were utilized in the RMM rred:_uons. Com-
parison of the calculated space-time distributions with the experimentai a: s of Runs
0-1V, 0-1C, 0-2V, and 0-2C are given in Figure 10a, 10b, 16a and 16b res 'ctively.
Very good overall agreement and consistent prediction of both velocity auc concentra-
tion distributions is noted.

The time variation of the concentrations in the “hot” and “cold” streams is plot-
ted iz Figures 15 and 17, along with the RMM predictions. In the model, the upper
part of the downcomer extending 2 diameters below the enld leg centerline is considered
to be essentially at the “hot" stream temperature (see Part I, Section 3.1). This fact
was confirmed experimentally by concentration measurements at position ST2 (see Fig-
ures 1 and 2) as well as from visualization runs.

In assessing the quality of these comparisons one should note that these are a
priori calculations i.e. the RMM was applied in its original form (published before the
existence of the present facility) and no particular effort was made to "tailor* the pred-
iction to the data.

6. Conclusions
The building and proof-testing of Purdue's 1/2-scale HPI mixing facility are com-
plete. Results from the first round of experimental runs and associated analytical
interpretations demonstrate that:
(a) The integral response is in accord with the RMM and no ill-effects are produced
by the distorted lower downcomer/plenum geometry,
(b) The velocity and concentration measurements are consistent (as determined by
appropriate mass balances) and provide an excellent resolution of both space- and
time-distributions of velocity and concentration, and
(¢) Taking into account an effective origin of the injected plume (due to backflow),
as obtained from visualization experiments, the data are in very good agreement
with the detailed predictions of the RMM.

Thus based on the first round of the experimental program and in relation to the
“scaling’’ and “injection-geometry" considerations raised in the introduction we may
conclude that for the injection conditions of intvrest to Westinghouse and Combustion
Engineering designs (low Fr number injection): (a) backflow in the injection line is
important and it can be quantified both experimentzlly and analytically (as it has been)
and (b) the Reynolds number non-similarity found in sinall-scale experiments is unim-
portant (i.e. the RMM predicts equally well independently of scale).
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DATA FROM TRAVERSE NR. @ 2 RUN: O - 1C

COLE LEG {YRL) DOMNCOMER (TR2) AH!IEN! (ST
TIME FLOW Y/D c1 CPR1 C’RIC x/L c2 CFR2 CPR/C c3 CPR3 CPR/C
SEC. GFM. x x x % X x

164. 9.922 0.889 0,080 0.0FY 1.1R4 0.900 1.359 0.197 0.145 0.491 0.019 0.038

- -~ - - - = - - " o, - i . 2t . T

16%. ?.965 0.815 0.1i85 0.043 0.235 0.833 1.265 0.118 0.092 0.487 0.008 0.017
175. P.965 0.741 0.542 ,0.221 0.407 0.767 1.048 0.277 0.265 0.478 0.008 0.016

- - —-————— | - .

185, ?.965 0.593 1.224 C¢.043 0.035 0.633 0.862 0.328 0.381 0.500 0.043 0.087

- - - — . T

190. 9.922 Ye519 1.273 0.063 0.049 0.567 0.418 0.122 0.291 0.579 0.007 0.013

195. 9.965 0.444 1.272 0.095 0.074 0.500 1.286 0.228 0.177 0.610 0.015 0.02

200. 9.879 0.370 1.827 0,188 0.102 0.433 1.066 0.334 0.313 0.784 0.086 0.109

- - - - " T " . . ]~ 2. =

206. 9.879 0.296 2.25¢ 0.06%9 0.03t 0.367 1.039 0.554 0.533 0.830 0,038 0. 046

R —————————— e e e e

211. 9.8I5 0,222 2.424 0.060 0.025 0.300 1.342 0.300 0.224 8”3 0.029 0. 036
216. 9.792 0.148 2.592 0.236 0.014 0.233 1.074 0.279 0.260 0. 950 0.033 0. 034

221. 9.792 0.074 2.768 0.036 0.013 0.167 1.485 0.274 O 151 0.892 0.024 0. 0"7

- . - - — . o - - ] " . - o 1 -~ T~ - - -

8'8



DATA FROM TRAVERSE NR., ¢ 3 RUN: ¢ - 1C

COLD LEG (TR1) DOUNCONCR (TR") AMBIENT (ST1)
TINE FLOW Y/D c1 CPR1 CFPR/C xX/L C:‘ CPR? CPR/C c3 CPR3 CPR/C
SEC. GPM. z b4 x x x x

242, 9.792 0.074 2.580 0.064 0.025 0.167 0.727 0.460 0.4633 1,019 0.050 0.056¢
248, 9.792  0.148 2.416 0.053 0.020  0.233 1.636 0.185 0.113  1.083 0.009 0,008
253, 9.792  0.222 2.491 0.047 0.017  0.300 1.590 0.302 0.190  1.113 0.011 0.009 e
258, 9.748  0.296 2.186 0.067 0.027  0.367 1.480 0.298 0.201  1.120 0.006 0,005 &
263, 9.748  0.370 2.206 3.157 "8'.'8'7";'""8'255"if;IE"B"I;I"Sf?SS""I?IB;"ST&;Q"B'oJJ i
268, 9.705  0.444 1.450 0.161 0.111  0.500 1.314 0.110 0.084  1.112 0.003 0.003
274, 9.705  0.319 1.283 0.05! 0.039  0.567 1.375 0.204 0.14%  1.145 0.029 0,028
279, 9.748  0.593 1.148 0.067 0.058  0.633 1.353 0.101 0.075  1.210 0.017 0.016
284, 9.705  0.647 1.213 0.069 0.057  0.700 1.177 0.057 0.04%  1.186 0.076 0.0
289,  9.662  0.741 1.152 0.046 0.080  0.767 1.300 0.148 0.114  1.171 0.008 0,007
294, 9.642  0.815 1.017 0.127 0.120  0.833 1.377 0.261 0.189  1.174 0.004 0,004
299, 9.618  0.889 0.822 0.088 0.108  0.900 1.512 0. 233 'b‘IsT'“{'Iéi"é'éoe. 0,005

-~ " -— -~ " - - - - " - D p——






DATA FROM TRAVERSE NR, ! 3 RUN: © ic

e ———— S 1 T . 2 - . - - - - . e - " . 1 Vo T — - - o -

COLD LEG (TR1) DOWNCOMER (TR2) M.!ENT (ST1)
Te Fow YD C1  CPR1i CPR/c N/ €2 PRz CPR/C €3 PR3 ermse
A R e N e S et
402. ?.445 C.074 3,006 0.031 0.010 0.147 2.248 0.182 0.081 1.545 0.020 0.013
407, 9.488  0.148 2.852 0.036 0.013  0.233 2.171 0.1% .09  1.593 .07 0.018
T 412, 9.488  0.222 2.812 0.034 o. 6i£"'"'b"&&é"i'&&i”é'éii"521&&"“'i 594 0.015 0.009
417, 9.443  0.296 2,749 0.048 0.017 0,347 1.430 0.063 0.088  1.400 0.011 6.007
422, 9.401  0.370 2,375 5’8&&’-o'552"“'8-255'°§'§;£—'8:8£§"8:6§2'"'I_6o6'"6—863'°8'56§"°
420, 9,358 0.44% 2,166 0.113 0.082  0.500 2.135 0,190 0.088  1.611 0.1t 0.010
435, 9401 0.515 1.904 0.148 0.078  0.567 2.126 0.136 0.073 1,632 0.008 0.005
438, 9.445  0.593 2.035 0.124 0.061  0.633 1.675 0.32 0,174 1,83 0.008 0.003
443, 9,488 0.467 1.904 0.077 0.040  ©0.700 1.999 0.191 0.0  1.703 0.030 o.030
TS, T 0081 1.305 G023 6,000 6.7 1,796 .39 133 1.790 603 orene
433, 9748 0.815 1.333 0,039 0,025  0.833 2,023 0.121 0.080  1.685 0.005 o.003
459, 9.835  0.889 1.381 0.043 0.027  2.900 1.984 0.20a 0.103  1.739 0.003 o.05a



DATA FROM TRAVERSE NR. @

COLD LEG (TR1) AMBIENT (S8T1)

CPR3 CPR

479. 10. 0.869 1.619 0.023 0.900 2.247

484, 10. 0.815 1.748 039 0.833 1.985

489. 10.2 0.741 i.808 D.0S0 0.767 1

194, 10, 0.667 1 071 0.700

499. 10. 0.593 2. : C.633

505. 10. ) < ‘ .0 0.567

510. 10.1
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DATA FROM TRAVERSE NR, ! ] RUN: 0 - 1C

- —— - St . o .~ -~ i~ ————— ] ——— " . . ., - . - " - i - - " - ——

COLD LEG (TR1) DOWNCOMER (TR2) AMBIENT (ST1)
TIME FLOW Y/D c1 CPR1 CPR/C x/L c2 CPR? CFR/C c3 CPR3 CFR/C
SEC. GFM. % % z %z x x

T .~ . o . o o . <. o o o - —— =~ - ——— . -

698, 10,095 0.889 2.3%1 0,032 0.013 0.900 2.583 0.037 0.014 2.5664 0.014 0.005

. o -~ - ——— - - — .. -~ -~ - - -~ " 4 " - —— o . ] -~ - —— . - -
i —————— - - " -_——— -~ — .~ - Y - -~ . -—— -~ - - . . . 7. 2 20 o - o 1 b e o

- " . —— - . - " ———— - " " . - .- — " . " -
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o
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u
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O
w
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(X
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&
o
O
O
-
—
<
>
<
>

- —— S~ - -t ;T - - - - ], - -~ - - . - - - 7 o 2

724, 10.052 0.519 2.618 0.118 0.0455 0.5467 2.765 0.084 0.030 L.609 0.007 0.003

(729, 10,095 0.444 2.951 0.075 0.02%6  0.500 2.721 0.136 0.050  2.393 0.007 0.003
735, 10.052  0.370 3.364 0.103 0.031  0.433 2.953 0.276 0.094  2.591 0.005 0.002
740, 10.052  0.296 3.465 0.044 0.013  0.367 3.047 0.290 0.095  2.595 0,007 0.003
| 745. 10.009  0.222 3.653 0.047 0.013  0.300 2.824 0.147 0.052  2.660 0,033 0.012
750, 10,009  0.148 3.736 0.033 0.009  0.333 3.076 0.286 0.093  2.727 0.024 0,009

755, 10,052 0.074 3.793 0.032 0.000  0.167 2.081 0.224 0.080  2.743 0.007 0.003
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DATA FROM TRAVERSE NR., ¢ v RUN: O

COLD LEG (TR1) DOWNCOMER (TR2)
TIME FLOW U1l UPR1 UFR/U f u2 UFR2 UFR/U
SEC. GFM. CM/S CM/8 CM/8 CM/S

414. 10.26% 81 0.615 0.0463 0.167 14.129 2.450 0.176

420. 10,226 ) I Q.67 1

425, 10,226 0.222 17 C.593 0.065 0.300 10,537 2.458 0.233

430. 10,269 0.296 769 0.803 0,104 0.367 12.887 3.338 0.259

0.059 0.233 13.416 2.494 0.186

435, 10,267 0.370 )¢ 737 14777 0.310 0.433 9.492 2.482 0.261

440. 10,226 0.444 ’ 0.857 0.426 ?.141 2.089 0.229

446, 10,269 2,919 07 2.319 0.691 7. 10.997 1.996 0.181

451, 10,312 0,593 S 2,788 0.472 0,633 B8.950 2.423 0.271

456, 10,269 0.667 / 2.797 0.477 0.700 10.318 4.126 0.400

461. 10.2469 0.741 o 1.446 0.332 0.767 10,320 3,093 0.300
466. 10,2679 0.815 22.7: 1.475 il bt 0.833 5,276 2.320

471. 10,269 8 1.526 0.900 5.285 1.375 0.260

0.440
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DATA FROM TRAVERSH

TIME FLOW

SEC. GFM.

6,099

4.2084

139

3. 10,095

. 10,095 48 11.504

10.139 ] 1.159

109
070

. 070

. () ‘/' O

0.601
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DATA FROM TRAVERSE NR. 3 11 RUN: O

COLD LEG (TR1

DOWNCOMER (TRZ

Uil UFR1 UFPR/7U - UFR2 UFR

CM/S

10,052

10.095

?03. 10. D é ‘ . 0.086
908. 10. )« 37 217

?13. 10.052 0.444 2¢ 928 0.4461

918. 10.095 0.519 3.93 ¢ 0.291

924, 10.052 0.593

9229. 10.009 O0.6467

934, 10,052 0.741

939 ) ' 0.815

744, 10.095 0.889




DATA FROM TRAVERSE NR., ¢ 12 RUN: O - 1V

T —————————— T ————— ————.—— . — " — — - -~ - - — - —— v~ -~ . - —-————-———— - - — -——— - - - —-————————- ., - " -

COLD LEG (TR1) DD“NCOHER (TR2)
TIME FLOW Y/D Ul UPR1 UFR/7U X/L u2 UFR2 UPR/U
SEC. GFM. CM/8 CM/8 CM/8 CM/S

———————— . ———— - " V— -t i W e e - — S A - ey S V- V—— S o - W~ —— . o AT Y W S S . S T e S Se e L S S - - ——

?66. 10.052 0.889 4.449 1,214 0.273 0.900 4.718 1.964 0.416

—————————————————————————————————————————————————————————————————————————————
————————————————————————————————————————————————————————————————————————————————
———————————————————————————————————————————————————————————————————————————————————
————————————————————————————————————————————————————————————————————————————————————
——————————————————————————————————————————————————————————————————————————————————
———————————————————————————————————————————————————————————————————————————————
——————————————————————————————————————————————————————————————————————————————————

. S G G S W SN W S S S W e S S Sl W S B e ST W SH VR s S SR WS NN S 4 iie SED WIS NS WSS SeS SAsS el SN SWP MND WIee Tea SOBE SSRS SIS SESE SIS AU WSS FIBG MBS SIS SSw SLUD MS WeSs Si emS SiSe RS WS eSS NASS SR S SR Seer SSBE SHD

1008, 10,139 0.296 9.609 1.452 0.147 0.367 8.562 2,199 0,257

1013, 10.139 0.¢¢2 13 176 l 374 O. IOa 0.300 8.141 1 744 0.214

1018, 10.095 0. 148 13 657 1. 643 0. 1"0 0.233 12,2468 1.7 0.140

e N S S S W W WS W 4S PR She Sbe e W SEwS MG MW Shee SS. fwe. eSS aeme S . SHED SENS SN Sme WS S SEVS SVSS SOeS SO S0Ss BEe: Sie SOE SAS Sad SRS TS SNES 4SSN SESS SN Seme $406 WMAS GESE UNS SOSH “E0S SNEH LB (48 Ses SIS wEBH B SOSS Ses eee SN SES YIS SIS See @B

1023, 10.052 0.074 11. 388 0.484 0.043 0.1567 10.484 2.305 0.220

RPN S ————————————— U ————— T e e R e P P VRS U S -



Run 0-2C
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DATA FROM TRAVERSE NR. @ 2 RUN: 0 - 2C

-~ ]~ " o " s o -

COLD LEG (TRL) DOUNCOHER (TR”) AHR
TIME FLOW Y/h c1 CFPR1 CPR/C x/L c2 CFRQ CPR/C C!
SEC. GFPHM. x % x z X

-~~~ v - T~ . ] 5 ] o~ - - o -

158. 20.334 0.889 0.974 0.089 0.0%91 0,900 1.584 0,112 0.070 1.377

-~ - — - — - - -~ " 1" o o o 2 11 20

163. 20.941 0.815 1.019 0.058 0.057 0.833 1.330 0.145 O 109 1 330

- " 1 - ]~ - T o T e o " o T . T e o

168. 21,288 0.741 1.166 '0.049 0.042 0.767 1.778 0.255 0. 143 1.424

.~ T~ - — "~ . o o 7 T e 7 e — e - -

173. 21.288 0.667 1.189 0,050 0.042 0.700 1.537 0.407 0.244 1,443

T T L e e T rpp—

178. 21.115 0.593 1.131 0.091 0.081 0.633 1.916 0.204 0,106 1.495

- - - Y . 0 . 1 = o R ——

183. 21.115 0.519 1.202 0.174 0.145 0.567 1.724 0. 394 0 229 1. 494

—————————— . - . . 2 . " - - -=e

189. 21.158 0.444 1,704 0.186 0.109 0.500 1,930 0.179 0. 093 1.551

1 - - - - - - 4 T . - < o T~ T~ -~ " 1 . T

174, 21.158 0.370 2,691 0.245 0.091 0,433 2.306 0. 307 0.133 1.511

- . . - T - " - - - - - -

199. 21.115 0.296 3.424 0.142 0.042 0.367 ‘.066 0.?78 0. 13‘ 1. 6%4

204. 21.115 0.222 3.746 0.070 0. 019 0.300 ..630 O 488 ©.186 1.696

209. 21.245 0.148 3.866 0.071 O 018 0.933 6”! 0.411 0.15%9 1. 819
215. 21.158 0.074 3.972 0., 029 0. 007 0 167 ‘.168 377 0.174 1. 961

CPRJ CPR/C

0 006 0.004

O 014 0.012
0.071 O 050
0.009 0. 006

0.009 O 006

0.008 0. 00’

0. 0"0 0.013

0. 031 O 020

0. O!O O 006

0.055 0,033

0 02 ﬂ 0 015

0.0/0 0.025

¥Zd




-,
DATA FROM TRAVERSE NR. ! 3 RUN: 0 - 2¢
coLp LEG (TR1) DOUNCOMER (TR2) RHBIFNT (871)
TIME FLOW Y/no c1 CFPR1 CPR/C xX/L c2 CPR2 CPR/C c3 CPFR3 CFPR/C
SEC. GFPM. z x b 4 x % x

-—---_—-----—-_-—~------—--—-—---——---_—-—-_-—--—-----——-_——--_~---___~____---. . T o . o .

—_---_-—_---_-_-------___-_-.---—---<_—~~.__---—--—---_-—_a--————_-__—__—--n_--__--__n__-__-_-_“-_»

.-—--——---—-——----___-_--—--—_---___--------—n---_---_-—-_n-—-—---*—_~~_------,‘--—_—---n-_--_-"_m.

282, 19.900 0.741 1.8456 0. 058 0.031 0.767 2.497 0.315 0.126 2.256 0.028 0.022

287, 19.944 0.815 1.805 0.034 O 019 0.833 2.343 0.325 0.137 2 138 0 029 0 Ol!
292, 19.987 O as? 1. 8”6 0. 034 0 018 0 900 2.589 O 53" 0. ?.4!9 0. 017 O 007

sed



DATA FROM TRAVERSE NR. ! a RUN: O - 2C
"""" T Coin Les (TRI> | DOMNCOWER (TR2)  AMBIENT (STL)
TIME FLOW Y/D c1 CFR1 CPR/C X/ c2
‘sec.  oem. ~ iy - R R ST TR TR i
314, 20.074 0.889 1.955 0.072 0.037 0.900 2.433
T319. 19.944  0.815 2.142 0.057 0.026  0.833 2.453
'°552:"§;f;§;°"'ST;ZJ"ETI;E"STZQB"STBSS°"’ST;Z;°'EZQ;S"'""""""""""""""'""T ''''
329, 19.900  0.487 2.192 0.227 0.103  0.700 3.153 0.347 0.110  2.583 0.020 O 008
T334, 19,900 0.393 2,546 0.069 0.007  0.633 2,342 0.251 0.106  2.548 0.005 0.0
T 339, 19813 0.519 2.584 0.126 0.049  0.567 2.692 0.362 0.135 2,543 0,007 0.003
345, 19.900 0,444 2.807 0.191 0.068  0.500 3.223 0.201 0.062 2,645 0.049 0.018
T 350, 19.857 0,370 3.331 0.199 0.060  0.433 3.099 0.313 0.101  2.485 0,051 0.019
355, 19.944  0.296 3.984 0.093 0.023  0.367 2.802 0.185 0.066 2. 19 0.013 0.00
T340, 19,900  0.227 4.184 0.105 0.025  0.300 3.004
T365. 19.944  0.148 4.281 0,097 0.023  0.233 2.480
U371, 19.813 0,074 4.%63 0.078 0.004  0.147 3.492 0

..f"l

. o - - - W - - - T - Y -~ - - - -

P ——————— et

- - - - .- " -

2.685 0. OS! 0 019

‘.819 0. 011 0. 005

2.008 0.030 0.011

2.428 0.011 0,004

0 OOA 0.002
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DATA FROM TRAVERSE NR. @ 6 RUN: O - 2C

- - - - -~ - - - - " - - -

COLD LEG (TRL) DOWNCOMER (TR2) hﬂ)lENT (Sll)
TIME FLOW Y/h L84 CPR1 CPR/C xX/u c2 CFR2 CFR/C c3 CFR3 CPR/C
SEC. GFM. x x x % X x

470. 20.117 0.889 2.851 0.015 0.005 0.900 3.368 0.200 0.059 3.487 0.042 0.012

TTa75. 20,074 0.815 2.894 0.044 0.015  0.833 3.404 0.253 0.074  3.46% 0.022 0.006
TB1. 19.987  0.741 2.950 0.020 0.007  0.767 3.303 0.265 0.080  3.463 0.011 0.003
a8 19.987  0.667 2.960 0.025 0.009 0,700 3.601 0.174 0.048  3.577 0.075 0.021
TTa%1. 20.117  0.393 3.0352 0.024 0,008  0.633 3.705 0.196 0.053  3.622 0.027 0.007
T4%. 20.117  0.519 3.129 0,050 0.016  0.567 3.09 0.240 0.062  3.647 0.020 0.00%

501, 20. 377 0.444 3,342 0.059 0. 018 0.500 3,663 0.241 0.064 3 633 0.006 O 002

507. 20, 421 0.370 3.948 0.282 0, 071 0.433 3.758 0.189 0. 050 . 3.674 0. 015 0 010
TS12. 20,551 0.296 4.537 0.076 0.017  0.367 3.838 0.394 0.092  3.700 0.020 0.00
517, 20.464  0.222 4.733 0.038 0.008  0.300 4.021 0.307 0.076  3.755 0.013 0.004
522, 20,351 0.148 4.765 0,026 0.006  0.333 4.017 0.250 0.062  3.007 0.008 0.002
527 20,301  0.074 4.845 0.047 0.010  0.167 3.941 0.290 0.076  .817 0.012 0.003

- —— - — T~ T . . - -

L ¢ |



Run 0-2V




DATA FROM TRAVERSE NR.

TINE FLOW Y/ Ul UPRI UPR/U X/
SEC. aFM. CH/S CH/S

71, 20.334 0.222 18.325 300

o ——————_— " ————— - —— ——_———— " -

CM/S CM/S

T ————— T ——— - ——— —— - -~ - — —— ——— - - " " - = - - - - — - ——— . - - . - . ———— - - ——_ ———. o - -

61. 20.334 0.074 19.994 1.137 0.057 0.167 19.455 4.273 0.220

T —— - ——— —— ——— - ————— . - - - - — - " ————_ " - - - - ———— - " —-———_— v— - - - —-— - B L T —————

66, 20.334 0.148 17.097 1.263 0.074 0.233 19.474 3.304 0. 170

———————— T —— ———— " -~ .\ o V- - v - - s . ———- o v -——— - - . ——r T ——— " " ——— o S W W ——— o -~ — -
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