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ABSTRACT

This six-volume report contains 140 papers out of the 164 that were
i

presented at the Fif teenth Water Reactor Safety Information Meeting held at
the National Bureau of Standards, Gaithereburg, Maryland, during the week of
October 26-29, 1987. The papers are printed in the order of their presenta-
tion in each session and describe progress and results of programs in nuclear
safety research conducted in this country and abroad. Foreign participation

in the meeting included twenty-two different papers presented by researchers
from Belgium, Czechoslovakia, Germany, Italy, Japan, Russia, Spain, Sweden,
The Netherlands and the United Kingdom. The titles of the papers and the

names of the authors have been updated and may differ from those that appeared
;

in the final program of the meeting.

I

I

!

!

|

i

t

iii

1

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



:._.w-- - '= .

PROCEEDINGS OF THE
15th WATER REACTOR SAFETY INFORMATION MEETING

October 26-29, 1987

Pehlished in Six Volumes

GENERAL INDE1

VOLUME 1
Plenary Sessions-

- Reactor Licensing Topics
- NUREG-1150
- Risk Analysis /PRA Applications

a
Innovative Concepts for Increased Safety of Advanced Power Reactors-

Severe Accident Modeling and Analysis-

VOLUME 2

Materials Engineering / Pressure Vessel Research-

Materials Engineering / Radiation and Degraded Piping Effects
-

Non-Destructive Evaluation-

Environmental Effects in Primary Systems-

VOLUME 3
Aging and Life Extension-

Structural and Seismic Research-

Mechanical Research-

r

VOLUME 4

Separate Effects / Experiments and Analyses-

Source Term Uncertainty Analysis-

Integral Systems Testing-

2D/3D Research-

VOLUME 5
Industry Safety Research-

International Code Assessment Program-

VOLUME 6

Decontamination and Decommissioning-

Accident Management-

TMI-2-
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UNCERTAINTIES IN N)DELLING AND SCALING OF CRITICAL FIAWS AND
PUNP MODEL IN TRAC-PFl/ MOD 1

Upondra S. Rohatgi and Wen-Shi Yu
Brookhaven National Laboratory
Department of Nuclear Energy

|Upton, New York 11973

The USNRC has established a Code Scalability, Applicability and
Uncertainty (CSAU) evaluation methodology to quantify the uncertain-
ty in the prediction of safety parameters by the best estimate
codes. These codes can then be applied to evaluate the Emergency
Core Cooling System (ECCS). The TRAC-PFl/ MODI version was selected
as the first code to undergo the CSAU analysis for LBLOCA applica-
tions. It was established through this methodology that break flou
and pump models are among the top ranked models in the code affect-
ing the peak clad temperature (PCT) prediction for LBLOCA.

The break flow model bias or discrepancy and the uncertainty
s 3re determined by modelling the test section near the break for 12
Marviken tests. It was observed that the TRAC-PFl/ MODI code consis-
tently underpredicts the break flow rate a::d that the prediction im-
proved with increasing pipe length (larger L/D). This is true for

1both stbcooled and two phase critical flows.
iA pump model was developed from Westinghouse (1/3 scale) data.

The data represent the largest available test pump relevant to West-
inghouse PWRs. It was then shown through the analysis of CE and
CREARE pump data that larger pumps degrade less and also that pumps
degrade less at higher pressures. Since the model developed here is
based on the 1/3 scale pump and on low pressure data. it is conser-
vative and will overpredict the degradation when applied to PWRs.

1. INTRODUCTION
!

Appendix K of 10CFR50 provides the guidelines for evaluating the effec-
tiveness of Emergency Core Cooling System (ECCS). However, it has been recog-

from a decade of research in the area of thermal-hydraulics of the reac-r. '. e d

tor system that these guidelines are very conservative and in some cases non-
physical, and a need exists to revise the ECCS evaluation methodology. One of
the alternative acceptable methodologies, which emerged from the attempts to
revlse Appendix K, was the use of beat estimate codes to analyze the acci-
dents. It is required for such best estimate codes that a quantitative esti-
mata for the uncertainty of important predicted safety parameters be made for a
particular accident and for a given plant.

The USNaC hes established a Code Scalability, Applicability and Uncec-
tainty (CSAU) evah:a. tion aethodology [1] to quantify the uncertainty. TRAC-
Pfi/Movt version 14.s has been selected to demonstrate the CSAU method for
the Large Break Loss of Coolant Accident (LBLOCA). The CSAU methodology

* Work performed under the auspices of the U.S. Nuclear Regulatory Commission
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requires identifying and ranking of all the important hydraulic processes and
reactor components which affect the primary parameter (s) for the LBLOCA tran-
sients. The primary parameters are: the early (blowdown) peak clad tempera-
ture (PCT), and the late (reflood) peak clad temperature. The break flow and
pump models were among the top-ranked components af fecting the early peak.

In this paper the methods and results of the analysis forestimating the
bias and the uncertainty in TRAC-PF1/ MOD 1 models [2] for the critical flow and
for the pump performance are described.

2. UNCERTAINTY IN CRITICAL FLOW MODEL

The coolant inventory in the reactor system is controlled by the break
flow rate. However, a more significant role of the break flow rate is its in-
fluence on the distribution of the liquid inventory during the blowdown phase.
The fuel rod clad starts to heat up at the time of break as the flow stagnates
in the core. However, around 2.3 seconds after break initiation, the break
flow decreases below the flow through the pumps in tha intact loops, after the
break flow changes from subcooled to two phase critical flow. This results in
the restoration of some liquid flow into the core, in core-wide rewet, and in
the occurrence of the first peak of the clad temperature in the blowdown
phase.

2.1 The Critical Flow Model in TRAC-PF1

TRAC-PF1/ MODI has three models for critical flow. One is for subcooled
liquid, the second is for two phase flow conditions and the third one is for
single-phase vapor. This paper deals with the first and second models, be-
cause the third model is irrelevant for peak clad temperature predictions.

2.1.1 Subcooled Critical Flow is computed in TRAC from a modified Bernoulli
equation, as described in Appendix D on page 530 of Reference [2]. This TRAC
code document gives in Eq. (D-9) the critical velocity for subcooled I! quid,
calculated for the break plane location, as the velocity V te

V,= Max {a V + 2 (p p)/0,}, (2.1)HE c c e

where aHE is the sound speed of homogeneous two phase mixtures, V e and pc are
the velocity and pressure at the nearest upstream computational cell center,
while pe and om are the break plane pressure and the mixture dansity at a lo-
cation not specified in the TRAC documentation. A number of questionable ex-
planations are given to justify Eq. (2.1). They cen be found in Section Il-B
of Appendix D, in Reference |2]. Particularly, the second argument of the
maximizing function in Eq. (2.1) produces a velocity which is neitner related
to the pressure wave propagation velocity, nor does it satisfy a mass flux
*-vimi edng conditici.. Thetefore, it is not clear why Eq. (2.1) should always,

produce a critical mass flow rate.

Equation (2.1) applies in TRAC, whenever the void fraction o at the up-c
stream cell center nearest to the break satisfies ac < 0.01. The break plane

2
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pressure pe is computed in TRAC on the basis of the nonequilibrium flashing
r.odel by Jones (3] (who used Alamgir and Lienhard's earlier work). The pres-
sure pe is computed from Eq. (D-10) of Reference (2) according to:

p,=p,-Max {0,Ap}. (2.2)

Here Ps is the saturation pressure (at unspecified location), and:

,1.5 )13.76
##It -Dp/Dt

Ap = 0.258 '(1+13.25(-- 11)]0.8(kTcrit)/
Pg 1.01325x10

g ,

#
1

A

-0.070([)2
2y (2.3),

c

where n k, T and p designate surface tension, Boltzmann constant, temperature3

and density, respectively, all quantities being expressed in.S.I. units. Sub- ,

scripts g, I and crit designate gas, liquid and thermodynamic critical, while j
subscripts e and c are, as before, designating break piane and upstream cell |
center locations. The locations associated with subscripts g and I are also

'

not specified in Reference (2].

Notice that Eq. (2.3) contains the limiting critical velocity V , thate
substitution of Eq. (2.3) first into Eq. (2.2) and then into Eq. (2.1) renders
Eq. (2.1) implicit in the velocity V . The TRAC code document (2) fails toe
indicate the method by which V is computed from Eqs* (2.1, 2 and 3), with Tg,e i

og and ps all dependent on V . Ie

l
i Notice also that Reference (2] fails to specify the method for computing '

E the substantial derivative Dp/Dt. The RELAP5 code documentation shows the
same model for critical flow of subcooled liquid * [22, p. 79] as TRAC and
specifies:

Dp/Dt=(oV,/A)(dA/dx),, (2.4)

ihere (dA/dx)e is the variation of cross sectional area with respect to axial
distance at the break. Obviously, Eq. (2.4) fails to produce nonequilibrium
pressure undershoot for breaks in straight pipes.

*Aside from a factor of 2 discrepancy in the last term of Eq. (2.3).

i
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Finally, it must be pointed out that Reference (2) fails to indicate how
Ve , as computed f rom Eq. (2.1), limits the mass flux as computed f rom the
field equations in TRAC.

2.1.2 Two-Phase Critical Flow is computed in TRAC from the condition that the
maximum value of the real part of the characteristic roots A , associatedi

with the field equations:

A3y/3t + gay /3x = C (2.5)

is zero (2, p. 528). The field equations are the mass balances of an inert
gas and the two phase mixture, the phasic momentum balances and the mixture
entropy balance for isentropic flow. A and g in Eq. (2.5) are 5x5 matrices
and the state variable vector y has the components of inert gas pressure p ,

vapor pressure py, void fraction a and phasic velocities vg and vg. The
source vector C is unimportant for all but the entropy equation. In TRAC it
is completely ignored.

The characteristic roots Ai are computed numerically from the character-
istic equacion:

det (A}+g}=0. (2.6)

The numerical scheme (2, p. 530] involves also the maximization of the mass
flux at the location of the break plane. Thus, the two phase critical flow
mode? in TRAC contains two independent choking criteria, but not the standard
compatibility criteria of quasi-steady critical flow (see Reocreux, NUREG-tr-
0002, Vol. 1, p. 75).

The above two phase flow choking criterion is imposed in TRAC for a > 0.1e
at the nearest upstream cell center. In the range of 0.01 i ac 1 0.1, a lin-
ear interpolation with respect to a is used between the critical flows calcu-e
lated from Eq. (2.1) and from Eq. (2.61

2.2 Purpose of Critical Flow Model Evaluation

The objective of the present study is to quantify the modeling deficiency
and uncertainty in the TRAC-PF1/ MODI critical flow model (2), as applied to
PWR and LBLOCA conditions. The deficiency measure of the model is defined as
the multiplier Co, which is a ratio of measured over predicted criticel fluw
rates:

measured flow rate
CD " predicted flow rate *

The uncertainty in the model is represented by the standard deviation of Co. j
l

2.3 Procedure

Abdo11ahian et al. (4), in a study of Marviken Critical Flow tests,
concluded that for large size pipes (D > 0.3m and L/D > 1.5), the subcooled

|
|

I
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critical flow was independent of diameter (D) and length (L), and only depend-
ed on the inlet stagnation conditions as shown here:

Ge " I ( o' o}

where G , P , To are critical mass flux, stagnation pressure and temper-c o
ature at the inlet to the pipe. However, for small pipes, the subcooled cri-
tical mass flux does depend upon L/D. For PWFa, the cold leg diameter is
around 0.7m and the distance between the RC pump discharge to the vessel is on
the order of 8D (L/D = 8). This implies that if the break is located anywhere
between L/D = 1.5 to 6.5 from either the vessel or the pump, the break flow
will only depend upon the conditions of the fluid entering the broken pipes
and not on the pipe length or diameter, and Cp will reflect any dependence

!of TRAC-PF1 critical flow models on the pipe geometry (L,D). '

As the purpose of the study is to quantify the uncertainty in the criti-
cal flow model of TRAC-PFl/ MODI as applied to PWRs, it was decided to investi-
gate the largest size tests which are available. The Marvikun test matrix
satisfied the requirement as it contained tests for diameters varying from
0.2m to 0.5m, nozzle lengths varying from 0.3D to 3.7D and inlet subcooling
temperatures varying from SK to 50K. Furthermore, these rests produced mea-
sirements of pressure and temperatures at 0.7m above the nozzle entrance,
which makes it possible to model only the test section near the break. Then
the break flow prediction will not be affected by phenomena taking place in
the rest of the test facility. The mass flux data were obtained from a
pitot-static method. The errors in the mass flux measurements were +3 to 10%
for the subcooled flow and +8 to 15% for two phase flow. For the current,

task, 12 tests [5-16] were selected and are listed in Table 1.

Separate TRAC-PFl/ MOD 1 models for each test were set up. These models
consisted of two cells (0.35m each) in the discharge pipe, one cell for the
converging section, a number of equal size cells in the straight section of
the nozzle. The cell lengths in the straight section varied between 0.2 and
0.5 m. They were approximately equal to the test section diameter and also
equal to the cell length used in standard PWR plant simulation.

1

l

Marviken Critical Flow tests are transient tests (blowdown) and the mass
flow rate data are available at every 0.1 second interval up :o 1.0 second,
then at every 0.5 second up to 3.0 seconds, and at every second thereaf ter.
The first ten seconds of these tests, for which the inlet fluid was subcooled,
were predicted by the TRAC code. Comparisons between the predicted mass ficw
rates with the experimental mass flow rates were made for the times for which
the void fraction in the last cell before the BREAK component was less than
0.03. This generated a number of CD values per test for subcooled critical
flow. A mean value for CD and standard deviation were computed for each j
test from this set. Similarly, a set of Cos for two phase choking were com- j
puted for each test from the cases for which the void fraction in the last I
cell before the BREAK component was greater than 0.07. The mean value for
CD and the standard deviation were computed from eat's set of each test for
tvo phase choking. Only one-fourth to one-third of all data points fell into
the two phase choking regime. It should also be noted that some of the inlet
temperature data were spurious and the corresponding data were omitted.

5
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2.4 Results and Conclusions

As the purpose of this study is' to provide a mean value of Cp and
standard deviation for application to PWRs, the mean values for CD were
plotted as a function of D, inlet subcooling and L/D. It was' observed from
these plots that the mean CD for subcooled choking and two phase choking had
no discernable trend when plotted with D or subcooling, but it did show a

trend with L/D. This can be verified from Table 1.

A curve fit was obtained for mean CD for subcooled choking as shown in
Figure 1.

<C>=0.696exp(0.649(h)-0.168)g

The X in all these expressions is L/D.

However, as this curve did not pass through all the data points, a new set of
standard deviations was computed using the mean values f rom this curve and re-
levant data points at each L/D. These standard deviations have been plotted
in Figure 2 as function of L/D and also show a distinct trend. A curve fit
was generated for the standard deviation as given here:

a=0.9exp(-1.737(h)0.227)
P

A similar procedure was followed for two phase critical flow model and
curve fit for Co, 2 and standard deviation are shown in Figures 3 an 4 and
are also described by the following expressions:

D,26>=0.778cxp(0.679(h)-0.25)(C

20=2.027exp(-2.16(h)0.25)a

These (C s> must be used directly in the input deck through the optionsD
in the NAMELIST. Once the location of the break has been selected, L/D can be
estimated from the distance of the break f rom the vessel and f rom the pump
discharge, and Cos can be obtained from the curves provided. The perturba-
tion or sensitivity study must be performed by adding to and subtracting one4

standard deviation and the measurement errors f rom Co. The correction for
the measurement errors of CD in subcooled choking should be f0,1 and in the
two phase choking regime it should be fp.15.

,

3. UNCERTAINTY IN PUMP MODEL

During a hypothetical large break LOCA in PWR, the reactor coolart pump
plays an important role in determining the timing of restoring the core inlet

6
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TABLE 1

I

Test # L/D
D.m AT'k C CD,sub D,26 |

|

12 3.0 0.3 30 1.115 l

13 3.0 0.2 30 1.111 |
|

15 3.6 0.5 30 1.219 j

16 3.6 0.5 30 1.258 j

17 3.7 0.3 30 1.146 i

l

|18 3.7 0.3 30 1.157

19 3.7 0.3 5 1.11 1.309

20 1.5 0.5 5 1.54

21 1.5 0.5 30 1.364

22 1.5 0.5 50 1.35

24 0.3 0.5 30 1.533 1.92

25 1.7 0.3 5 1.18 1.485

7
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flow after core flow reversal at the time of the pipe rupture. The flow into
the downcomer and finally at the core inlet is a result of the competing in-
fluences of the vessel side cold leg break flow and intact loop cold leg flows
into the downcomer due to the pumps in these loops. The core inlet flow is
restored when the broken cold leg flow decreases below the total flow in the
intact loops. The pump motor could be on or off depending upon the supply of
AC power. In the case of loss of AC power, the pump will start to coast
down. However, the pump has enough stored kinetic energy that it continues
to transfer energy to the fluid, although at a decreasing rate. During the

early part of the transient (up to first peak) the intact loop pump flows are
close to single phase flows and there will be no appreciable degradation in
the pump performance. The situation changes as the transient proceeds; the
primary system will have core voids leading to two phase flow through the pump
and corresponding performance degradation.

3.1 Pump Model in TRAC

TRAC-PFl/ MODI has a pump model [2] which is based on the model developed
by Idaho National Engineering Laboratory (INEL) f rom the Semi-Scale test
data. The model is general enough to apply to any other pump for which single
phase homologous curves, two phase fully degraded homologous curves and degra-
dation multipliers as a function of void fraction (a) are available for the
head and torque. The head across the pump is computed as follows:

H2O = Hgg + M(a) (HDEGRAD ~ "10
*

where H g, H g, HDEGRAD, M(a) are two phase head, single phase head,2 i
fully degraded head and degradation multiplier respectively. The last three
items in this list have to be supplied through input. The M(a) function is an
interpolating function for interpolating between the single phase head curve
and the fully degraded or lowest two phase head curve. The static pressure
rise across the pump can be computed from the head, H20, and inlet density,
p, as given here:

0 (3.2)AP = H20 h

The head curves in the model are in the form of homologous curves with
homologous variables as defined here:

(H/Hg )/(Q/Qg )2 vs. (0/0 )/(Q/Q ), (0/0 )/(Q/Q ) i 1.0

(H/H g)/(0/Qg) vs. (Q/Qg )/(0/0 ), (Q/Qg )/(0/0 ) f 1.0

A similar description is available fcr estimating the hydraulic torque
for the pump and is given here:

Tg = g + N(a) (T ~ 10 (*DEGRAD

10
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where T20, T g, TDEGRAD and N(a) are two phase, single phase, two phasei
fully degraded torques and torque degradation multiplier. T g and TDEGRAD1are supplied through input tables or homologous curves. The homologous curves
for torque are of the following form:

8 = T/T
ref

8/(Q/Q *** ( !(9 Oref ' ( ref ref!9O <ref ref *

S/(0/G vs. (Q/Q !(O (9!9 ! O!O I*ref ref ref ' ref ref

The single phase torque estimated from the homologous curves is corrected
for the density if that is different from the rated density:

T= Tref (P! Pref (0

The torque obtained from the homologous curves is used to compute the
pump speed in case of loss of AC power.

The TRAC-PFl/ MODI pump model is very simp 1: and requires most of the in-
formation through the input. However, this model does not allow for the ef-
feet of many important parameters. In general the pump head for two phase
flow is a function of the following variables:

H@=H2O (9/Oref' 0/Oref, a, P, N,, Geom)2

where P, and N are pressure and pump specific speed.s

Figure 5 shows homologous head curves as a function of void fraction for
various pumps of different specific speeds and r.izee at the rated condition of
flow and speed. It can be seen from this figure that there is a significant
effect of pump design. The RS111 pump, which has the highest specific speed
and is closer to the axial flow pump design, undergoes the least degradation.
However, the effect of the specific speed and geometry can be eliminated from
the expression for the head if the data are available for the right type of
pump:

H2O = H2O (9/9ref' 0/Oref, o, P)

The TRAC-PFl/ MODI pump model also does not account for pressure effects.
Figure 6 shows the effect of pressure on degradation for CE pump (17]. It is
clear from this figure that degradation increases at low pressures.

The TRAC-PFl/ MODI model as described earlier interpolates between single
phase head curve and corresponding fully degraded head curve through a degra-
dation multiplier which is only a function of void fraction. It has been ob-
served that [18} the same degradation multiplier function cannot be used for
all flows and the lack of accounting for all the influences in the model will
lead to a larger uncertainty in the model.

In summary, the current TRAC model for reactor coolant pumps cannot ac-
count for effects of inlet pressure, specific pump speed and pump size.

11
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3.2 Purpose of Pump Model Evaluation

The objective of this study is to provide single-phase and fully degraded
two phase homologous curves and the degradation multipliers for head and tor-
que for the Westinghouse full-size pump (specific speed 5200 rpm (gpm)0.5/
(ft)0.75) and their uncertainties as required for assessing the TRAC-PFl/
MODI pump model.

3.3 Analysis

The single phase performance curves for the head and the torque for full
size pumps or equivalent (same specific speed) small scale pumps are known
with good accuracy (<2%). Also for pumps with the same specific speed, the
effect of the size is negligible and the single phase curves from smaller size
pumps could be used for larger size pumps. However, the two phase performance
curves are dependent on many flow parameters end size. A model in the
framework of TRAC-PF1/ MODI does not account for all these variables
adequately. Therefore, it leads to large uncertainties in the calculated
results. All these uncertainties will be lumped in the degradation
multipliers.

3.3.1 Available Pump Models

There are two semi-empirical models available in the literature; the EPRI
model and the KWU model. The EPRI model (19] consists of a set of two-phase
flow balance equations written in rotating coordinates for the impeller. The
model uses available constitutive relationships for interfacial mass and mo-
menttm transfer, which were developed for the pipe flow. The model predicts
the pump performance for various fluid conditions and pump speeds, but only
near the design conditions for flow rate and pump speed. The EPRI model (19]
has been applied to a variety of pumps and some of the predictions are shown
in Figures 7 and 8 for CREARE and C-E pumps. There le a large spread in the
experimental data for void f ractions below 0.5. However, the EPRI model pre-
dicts the trends for head degradation correctly.

The EPRI model can be used to assess the uncertainty in the TRAC pump
model by predicting the pump performance for various possible combinations of
fluid and pump conditions. Each calculation provides one data set for check-
ing out the TRAC-PFl/ MODI pump model. The difference between the EPRI and
TRAC models will be due to the uncertainties in the constitutive relationships
used in the EPRI model and also due to the inability of properly accounting
for pressure, flow rates and pump speed in TRAC. The difficulty in this
approach is that it requires pump design data which are proprietary and
generally not available.

The second semi-empirical model is the KWU model (18] which was developed
for the Federal Ministry for Research and Technology, West Ge r many. Unlike
the EPRI model, the KWU model does not imply integration of balance equations
along the rotor channel, but does account for the important phenomena which
cause the performance degradation. The model generates the degradation func-
tions in terms of non-dimensional groups, using test data. The data are gen-
erally available only for small-scale pumps. The model has the potential to
predict the perf ormance of PWR pumps f rom subscale data. However, the KWU
model does not account for condensation in the impeller, and there is some un-
certainty about the allocation of head degradation among the three phenomena

13
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of slip, phase separation and compressibility. This model is simple and re-
quires only impeller diameter and the test data from subscale pumps.

The KWU model application requires test data directly in developing the
TRAC-PF1 model parameters. The TRAC uncertainty will still be there bacause
there is no accounting for pressure, flow rate and pump speed in the TRAC

)model. This resulting TRAC code uncertainty is reflected in the large spread
lof the computed degradation multipliers which are only functions of inlet void

fraction.

There is an additional uncertainty as the test data are only available
for small size pumps at specific pump speeds which differ from that of the
full-scale PWR pump. Table 2 summarizes all the data available. There are t

| two possible approaches to develop the KWU modell use the CE (1/5 scale, Ng'

= 4200) and KWU (1/5 scale, N, = 6700) data to bracket the W2stinghouse pump
:

(Ns = 5200), or use the Westinghouse proprietary pump (1/3 scale, Na "
5200) data directly. It was decided to follow the latter approach, as it pro-
duced date for the largest test pump available and at the correct specific
speed. However, the data were taken at low pressure and some for air-water
mixture, which implies that a model developed from these data will overpredict
the degradation for PWR LBLOCA conditions and will be conservative.

3.3.2 Pump Model for TRAC Code Assessment

The model developed from the Westinghouse data consisted of single phase
and fully degraded homologous curves for head and torque and, the mean value

!and the standard deviation of degradation multipliers.

The model developed from the Westinghouse pump data is for the correct
specific speed, but it needs a correction for the size effect, before it cani

accurately represent the full size pump. In order to estimate the size ef-
fect, the data from CE (1/5 scale) (17] and CREARE (1/20 scale) [20] pumps
were analyzed in the range of 0.0 j{ (Q/QR)/(N/N )j{ 2.0. Here Q and NR
designate volumetric flow rate and rotational pump speed, respectively. Sub-
script R denotes the normal operating conditions (design conditions). In or-
der to minimize the uncertainty in determining the size effect, the data were
grouped in the increment of 0.25 for (Q/QR)/(N/N j.i R For each of these
groups, least-square fit curves for (H/H )/(N/N ) or (H/H )/(9/QR)R R R
were obtained as a function of void fraction, for both the CE and CREARE
pumps, as shown in Figures 9 through 12. The R value in these figures is the
root-mean square value of the dif ferences between the data and the best-fit

The number of data points considered in each curve fit are given incurve.
the bracket (#). The root mean square averages of the difference between the
two curves for each group of (Q/QR)/(N/N ) were also obtained and the con-R
clusion from these numbers is that the size effect is smallest near the design ,

'

conditions ((Q/QR)/(N/N ) = 1.0), and that the larger pump degrades less.R
I The dif ference between the curves would be less if CREARE data were available

at the same higher pressure as CE data.

The CE and CREARE pump data were further analyzed by obtaining mean de-
gradation functions which are shown in Figure 13. The CREARE data are avail-
able only for void fractions less than 0.5. This figure reconfirms our

1 earlier conclusion that the larger size pump degrades less. Furthermore , it'

can also be hypothesized that the effect of size will be less for larger pubps
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TABLE 2 ,

i

RATED PUMP PARAMETERS AND OPERATING CONDITIONS AT
,

.[FULL-SCALE AND IN VARIOUS TEST PROGRAMS !

h
+

!

{
!

FWR FWR Primary
[

Westinghouse Primary Coolant rump Coolaat Pump Westinghouse

Farameter FWR (singham-W1111amette) (syron-Jackson) Pump 34W Fump C-E Fump Creare Fumps KWIT Pump

Scale 1/1 1/1 1/1 1/3 1/3 of air.gham- 1/5 of syron 1/20 of syron- 1/5, RS111
W1111amette Pump Jackson rump Jackson Fump

aated volumetric 94.600 104,200 87,000 6210 11.200 3500 181 (219) 3148

Flow Rate (gym)

Rated Total 290 397 252 64.4 390 |252
252 293.7

Head (ft)

5 mated Speed 1190 1190 900 1500 3580 45GO 18,000 8480

(rpm)

Specific Speed 5200 4319 4200 5190 4317 4200 4200 6700

}.

'

Fluid * S/W S/W S/W A/W & S/W A/W S/W A/W and S/W S/W

Fressure (psia) 15-2250 15-2250 15-2250 15-420 20-120 15-1250 A/W at 90' 435-1305
$/W at 400

r

* A/W is air / water misture
S/W is steam /uater mixture

;
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from CREARE and CE Pump Data

19



because the length scale of two-phase flow structure will be much smaller than ,

the pump dimensions. There is a definite lack of data at proper pressures and !

void fractions to make a quantitative estimate of the size ef fects to correct
the model developed f rom the Westinghouse data.

A recent study was performed by Fujie and Yamanouchi (21], to investigate
the similarity rules applicable to two phase flow through centrifugal pumps.
They studied the flow regime transitions and the interfacial transfer func-
tions in the blade channels. They concluded that for flow conditions near the
design point, the single phase similarity laws also apply to two phase flows.
This conclusion also agrees with the conclusion arrived at in the present
study, namely that the effect of the pump size on the two phase pump degrada-
tion decreases near the design conditions for similar pumps.

Based on the argument presentef so far, it can be concluded that the pump
model along with the uncertainties developed f rom the Westinghouse pump (1/3
scale) data can be used to represent the full-size pump and that the lack of
correction for the size ef fect and pressure will tend to predict earlier pump
degradation and higher peak clad temperature in LBLOCA.

3.4 Conclusions

A pump model and its uncertainties in the f ramework of TRAC-PFl/ MODI were
developed from the Westinghouse pump data (1/3). It was also shown that
larger pumps will degrade less and that the model developed from low pressure
daca will over-predict pump degradation. The model developed here will pre-
dict early degradation for the pump in LBLOCA which will affect the thermal-
hydraulic calculations for the reactor towards estimating higher peak clad
temperatures.

A more realistic pump model is needed than the current TRAC pump model,
which properly accounts for pressure, flow rate, pump speed and the pump
size. The inability to account for these parameters is the largest
contributor to the TRAC model uncertainty. There are data available for
full-scale CANDU pumps and smaller scale KWU pumps (1/5 scale) which should be
utilized. Furthermore, the EPRI model (19] and KWU semi-empirical (18] model
should be utilized. The current TRAC model also does not account for the
energy transfer from the impeller to the fluid in the energy equation and it
assumes homogeneous fluid conditions at the pump discharge. These two model
weaknesses should also be resolved.

4. ACKNOWLEDGEMENTS

The authors are grateful to Dr. Wolfgang Wulff for his very constructive
suggestions during this work, and greatly appreciate the fine typing of Mrs.
Linda Hanlon.

5. REFERENCES

1. Compendium of ECCS Research for Realistic LOCA Analysis, NUREG-1230,
Chapter 4, April 1987.

20



- -. . - ~ . .

2. Liles, D. R., et al., "TRAC-PF1/ MOD 1: An Advanced Best Estimate Computer
Program for Pressurized Water Reactor Thermal-Hydraulics," NUREG/CR-3858,

. April 1987.

3. Jones, Jr., O. C., "Flashing Inception in Flowing Liquids," Brookhaven
National Laboratory Report, BNL-NUREG-51221, 1980.

4. Abdo11ahian, D., "Critical Flow Data Review and Analysis," EPRI Report,
NP-2192, January 1982.

5. "The Marviken Full Scale Critical Flow Tests, Results from Test 12," |

MXC-212, September 1979, Joint Reactor Safety Experiments in the Marviken
Power Station, Sweden.

6. "The Marviken Full Scale Critical Flow Tests, Results from Test 13,"
MXC-213, September 1979 Joint Reactor Safety Experiments in the Marviken
Power Station, Sweden.

7. "The Marviken Full Scale Critical Flow Tests, Results from Test 15,"
MXC-215 September 1979, Joint Reactor Safety Experiments in the Marviken
Power Station, Swcden.

8. "The Marviken Full Scale Critical Flow 7ests, Results from Test 16,"
MXC-216, September 1979 Joint Reactor Safety Experiments in the Marviken
Power Station, Sweden. ,

i

9. "The Marviken Full Scale Critical Flow Tests, Results f rom Test 17,"
| MXC-217, September 1979, Joint Reactor Safety Experiments in the Marviken

Power Station, Sweden.

10. "The Marviken Full Scale Critical Flow Tests, Results from Test 18,"
MXC-218, September 1979, Joint Reactor Safety Experiments in the Marviken
Power Station, Sweden.

,

11. "The harviken Full Scale Critical Flow Tests, Results from Test 19,",

| HXC-219, September 1979 Joint Reactor Safety Experiments in the Marviken *

| Power Station, Sweden.

12. "The Marviken Full Scale Critical Flow Tests, Results from Test 20,"
;

MXC-220, September 1979, Joint Reactor Safety Experiments in the Marviken '

Power Station, Sweden.

13. "The Marviken Full Scale Critice1 Flow Tests, Results from Test 21,"
MXC-221, September 1979, Joint Reactor Safety Experiments in the Marviken
Power Station, Sweden.

14. "The Marviken Full Scale Critical Flow Tests, Results from Test 22,"
MXC-222, September 1979, Joint Reactor Safety Experiments in the Marviken jPower Station, Sweden.

I

15. "The Marviken Full Scale Critical Flow Tests, Results f rom Test 24,"
MXC-224, September 1979, Joint Reactor Safety Experiments in the Marviken
Power Station, Sweden.

21

_ _ _ _ _ __ _ , . _ , ..



_ - . _ _ _ . . _ _ _ . ___ _

16. "The Marviken Full Scale Critical Flov 7ests, Results f rom Test 25,"
MXC-225, September 1979, Joint Reactor Safety Experiments in the Marviken
Power Station, Sweden.

t

17. Kennedy, W. C. , et al. , "Puap Tuo-Phase Performance Program," EPRI
Reports, NP-1556 (Vol. 1-8), September 1980.

18. Seeberger, G. J. and Schneider, K. , "RevelopmenM cf a Two-Ph.'se Pump Model
for the Main Coolant Pumps in Presouricad Vater- Rasctors," Foreign
Document I.D. R 917/85/003, NRC Translation 1821,'Mey 1986.

19. Furuya, O. and Maekawa, S., "An Analytical Nethod for Prediction of Pump
,,

Performance Operating in Condensable Tvo-Phase Flows," Proc. of 1987
ASHE/JSME Thermal Engineering Joint Conference,11awaii, March 1987.

20. Swif t, W. L., "Model Pump Perfor2ance Program - Data Report," EPRI
NP-2379, May 1982.

21. Fujie, H. and Yamanouchi, A., "A Study on Applicability of Similarity Rule
to Performances of Centrifugal Pumps Driven in Two-Phase Flow," Nuclear
Engineering and Design, 85, 1985, pp. 345-352,

22. Ranson, V. H. "RELAP5/ MOD 1 Manual, Volume 1: System Models and Numerical
Methods," NUREG/CR-1826 (1981).

1

1

!

2

<

1 22

. _ _ . -_- _. . . __- . _ _ _ _ ._ _



_ _ ._ . _

UNCERTAINTIES IN MODELING AND SCALING IN THE
PREDICTION OF FUEL STORED ENERGY AND THERMAL RESPONSE *

by

Wolfgang Wulf f
Department of Nuclear Energy

Brookhaven National Laboratory
Upton, New York USA 11973

Abstract

The steady-state temperature distribution and the stored energy in
nuclear fuel elements are computed by analytical methods and used to

j

rank, in the order of importance, the effects on stored energy from !

statistical uncertainties in modeling parameters, in boundary and in
operating conditions. An integral technique is used to calculate
the transient fuel temperature and to estimate the uncertaint'as in
predicting the fuel thermal response and the peak clad tempetature
during a large-break loss of coolant accident.

i

| The uncertainty analysis presented here is an important part of
| evaluating the applicability, the uncertainties and the scaling ca-

pabilities of computer codes for nuclear reactor safety analyses.
| The methods employed in this analysis merit general attention be-

;
cause.of their simplicity. '

It is shewn that the blowdown peak is dominated by fuel stored i

energy alone or, equi.valently, by linear heating rate. Cap conduct-
ance, peaking factors and fuel thermal conductivity are the three ,

. most important fuel modeling parameters affecting peak clad tempera- '

| ture uncertainty.
l

1. Introduction
| I

Computer codes, such as TRAC-PF1 (1,2], play an important role in the
| assessment of nuclear reactor safety. The codes are used to predict many

safety-related parameters during a variety of expected and postulated events,
such as the peak clad temperature (PCT) during a large-break loss of coolanti

accident (LBLOCA). It is mandatory that reactor safety codes are quantita-
tively assessed concerning their applicability to a particular event, their
ability to scale processes from test facility scales to full-scale power
plants, and concerning their predictive uncertainties. The Nuclear Regulatory
Commission has developed a new methodology for quantifying code uncertainties
[3). The analysis presented here is part of implementing this methodology,
and of demonstrating its feasibility, for the TRAC-PF1/ MOD 1 computer code, as
it is applied to LBLOCA analyses.

* Work performed under the auspices of the U.S. Nuclear Regulatory Commission.
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The peak citd tenparature (PCT) characterizes fuel integrity, i.e., the
ability of the fuel cladding to retain fission products. Code uncertainties
are quantified, therefore, on the basis of the code's ability to predict PCT
accurately. During an LBLOCA, the clad temperature reaches, in general, two

,

| peaks; one during the earlier blowdown phase, the other one later, after the
refill phase. Which one of the two peaks is higher depends on fuel design and
coolant loop response characteristics. The clad temperature rises when the
fuel element is suddenly surrounded by dry vapor. Then, more stored energy
passes from the fuel pellets through the annular gas gap to the clad, then :

passes from tht clad to the vapor, because the convective heat transfer is
sharply reduced (dry-our or post-CHF*) . The clad temperature react.cs a peak
when it decreases due to improved convective cooling after the arrival of
liquid in the core or due to a decrease in pellet temperature. In either

case, more heat is removed by convection from the clad than is supplied to the
clad from the fuel pellet.

The PCT is the higher, the faster the clad temperature rises and the
longer it rises. PCI uncertainty can therefore be decomposed into uncertain-
ties of predicting the time rate of clad temperature rise and of prudicting
the time for liquid arrival in the core. The time rate of clad temperature
change depends upon the energy initially stored in the fuel primarily in the
pellet, and upon the thermal response time of the fuel. The initially stored

energy depends strongly on fuel parameters and on initial conditions. The
thermal response of the fuel depends both on fuel parameters and on coolant
conditions. The time for the reappearance of liquid in the core is dominated
by break and pump tlow characteristics for the first peak and by addit ' anal
thermohydraulic loop phenomena for the second peak.

Thus, the energy stored initially in the fuel and the thermal response
time of the fuel are key parameters affecting PCT. In fact, they will be
shown to dominate PCT under the most plausible circumstances.

1.1 Purpose

The objective of the work presented here is to calculate the individual
changes in initial fuel stored energy, associated with the known statistical
uncertainties in input data specifications and with documented uncertainties
of modeling fuel heat transfer in TRAC-PFl/MODl. Specifically, the fuel stored
energy variations are to be calculated ior given lo-level uncertainties of

(1) initial fission power,
(ii) local power pesking factors,

(iii) fuel thermal conductivity,

(iv) cladding thermal conductisity.
(v) gap conductance,

(vi) fuel heat capacity,
(vii) cladding heat capacity,

(viii) radial fission power distribution in pellet, and

(ix) convective film coefficient.

It is also the objective of the work presented here to calculate the
variations of the peak clad temperature for the early or blowdown peak as they

*CHF stands for critical heat flux.

1

3
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are caused by the uncertainties in tha above nina parameters. The analysia, is
general in principle but evaluated for specific LBLOCA conditions in a
Westinghouse plant with 17x17 fuel arrays. The analysis is evaluated for
TRAC-PF1/ MODI models and for reference conditions as computed by TRAC.

~

The effects from the above statistical uncertainties are to be ranked in
the order of their relative importance on peak clad temperature predictions.

1.2 Approach

The energy stored in fuel pellet and clad is computed by integrating the
steady-state temperature distributions in fuel pellet and clad. The tempera-
ture distributions are obtained by closed-form integration of the steady-state
conduction equation, taking into account the temperature variation of thermal

iconductivities and the radial variation of fission power in the pellet. This
|is shown in Chapter 2 below. |

|

j An integral technique (4) is used to convert the partial differential
equations of transient heat conduction in fuel pellet and clad into two ordi-
nary dif ferential equations for the volume-averaged temperatures in fuel pel-
let and clad [5]. The ordinary dif ferential equations are numerically inte-
grated to obtain the transient clad temperature under prescribed conditions
for tbc coolant and for the fission power. The calculations are repeated,
while enanging the previously listed parameters by their respective lo-level
uncertainties, to obtain the resultant changes in PCT. This is shown in
Chapter 3 below.

2. Steady-State Analysis for Fuel Stored Energy

2.1 Problem Description

T,, T,; T. In order to compute the cnergy E
[ [ g[

I*
- - / ,* butions

'

stored in the fuel and in the clad, we '

' "X T determine first the temperature distri-

T (r), 0 < r < Ri and Tc(r), R2f

/ 'S < r<R for the fuel and clad, respec-~ w,
, y

-- 'a tively. Consider the right circular
$ .

. T, ;

'

M fuel pellet with the concentric clad,g -he forming an annular gap of width 6, as,

j g shown in Figure 1.
$,j,s un k i

.

:

l|
d@ | $3 We analyze steady radial conduction

~ 4 in pellet and in clad, convection and~

[ hh radiation between pellet and cladding,
$ and convection between clad and the; :

N coolant st the known temperature T.
"=- <

The convective heat transfer coefficient
8- h is also known from hydraulics cal---

e
culations.R, R R.,r O 2

'
The radii are computed from known

E spccifications for cold conditions and
Figure 1 Geometry and Temperatures from correlations for thermal expansion

for Fuel Element [6, r. 48d and p. 240]. Accordingly,

25
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s

for the fuel pellet (UO ), the relative radial expansion is2

K (<T >g- Tg)+K 2* (l)AR /R = 'g gg g

= R'-R g, radial pellet expansionwhere ARg 1 o
Rog = radiuc uf cold pellet, at To

1.0 x 10-5 g-1 (linear expansion coefficient [7])K1 =

= 4.0 x 10-2K2
To = 300 K

<Tg>g=arca-averagedpellet temperature (see Ref. [7]),

= 6.9 x 10-2 y| Ed
k = 1.38 x 10- 2 3 gjg ,

i

| while for the cladding (zircaloy-2), the relative radial expansion is

(6.72 x M W - T,) (2)AR / R =
,oc cc

where AR = expansion of inner or outer clad radiic
Roe = corresponding cold clad radii
<T >c = area-averaged clad temperature.e

The area averages in Eqs. (1) and (2) are defined as

fo 2 w

f T rdr and <T > !<T >g 2
#= =

'g f R -R c
R, o w ci Rg ei

outer pellet radiuswhere Rgo =

Rei inner clad radius=

outer clad radius.Rw =

The equations in Reference [6] contain an additional constant each, from which
the reference temperatures To in Eqs. (1) and (2) above have been inferred.

The steady-state temperature distributions are derived from the nonlinear
conduction equatior uith temperature-dependent thermal conductivities. The
gap conductance for the annular gap between pellet and clad is computed with
temperature-dependent thermal conductivity for the helium fill gas, and with
temperature-dependent radiative surface properties for pellet and clad.

Calculations of the stored energy take into account the variation of
specific heat with :emperature.

2.2 Thermal Conductivities and Radiative Emissivities

The temperature dependence of thermal conductivity kg fer UO2 Pellets is
given in Reference [6, p. 23]. After the correction of typographical errors

26
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l
l

|
|

in this reference, one finds for the range of temperatures encountered during
,normal operatind conditions, that |
|

1

i
"v(T ).(1 kg m-I -I) '

D . (1 Wm-I K) s
f

k' = .

1+(6.5-4.69x10-3 -I.T )(1-D) (0.339+0.06867K-1.T )(1+3 AR /R,f)K
f g f

,

'-K /T KS 25

f (1+(240.169 7)], (4)+ 5.2997x10-3 Wm-l 2 . T .eK
f

f

where D = fraction of theorscical density
Tf = fuel pellet temperature
cv = fuci specific heat at conatant volume for pellet

AR /Rof = thermal strain, Eq. (1) evaluated with Tff

K5 = 13,358 K.

The specific heat c is found in Reference [6, p. 23]. For UOy 2 pellets with-
out plutonium, it is

296.7 J/(kgK)x e*/(e*-1) (5)c =
,

,

|
where x = 535.285 K/Tf

Tf = fuel pellet temperature

lEquation (4) is used in conjunction with Eqs. (1) and (5) to compute the l

fuel pellet thermal conductivity (kg)ref for a reference temperature (T )ref.fFor closed-form integration, the variation of thermal . conductivity with '

temperature is then approximated by fitting results from Eq. (4), calculated
in the temperature range 547K 1 T 1 1,330K to an expression of this form:

T b

f f g g( )I (6)k (T ) (k )=
,

f ref

(k )refwhere f reference thermal conductivity, computed from Eq. (4)=

bf 0.762 303=

The maximum error of the curve fit in the cbove temperefure range is0.018 Wm-I k-1 or 0.6%; the coefficient of determination is r = 0.999 86.
The error of Eq. (6) is even less because (kg)ref is exact, andNhe range of
temperatures in the pellet is smaller than the range of the curve fit.
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'Ihe temperature dependence of thermal conductivity k for ' zircaloy-2e
cladding is given in Reference [6, p. 217] as

k, (7.51+(0.0209 K-I)T - (1.45x10-5 g- 2)T2 + (7.67x10-9 K-3)T)Wm-I K- I .3
=

(7)

(k )ref of theEquation (7) is used to compute the thermal conductivity e
clad at a reference temperature while - the variaticu of thermal conductivity
withis the clad is taken to have the more convenient form

(0I c)ref"k "
'c

4 K- I .-7.71233x10where be
<=

Equation (8) is suitable for closed form integration. It introduces an error
of'less than 0 3% and fits the results of Eq. (7) with the coefficient of de-

2
termination, r = 0.9961.

d

The thermal conductivity kg of the fill gas in the gas gap between fuel
pellet and cladding is needed for calculating the gap _ conductance. The
calculations are performed here for helium gas. Reference [6, p. 485] gives

for pure helium

k() - Ak ) (9)"
'g

.

= (T o+Tei)/2, average gas temperaturewhere T f

T o = outer fuel pellet temperaturef

Tei=innercladtengerature
A = 2.63Lx10-3 Wm- K- I
B = 0.7085.

Radiative emissitivies are also aeeded to compute ' the gap conductance.
The ~ emissivity for UO2 Pellets is found in Ref. [6, p.48] to be

-(10)
f g+cT2gc = c .

where eg = 0.7856
c 2 = 1.5263x10-5 g- 1 ,

while the emissivity of zircaloy-2 without oxide layer is, from Ref. [6, p. I

250], a constant: j
|

0.9151 . (11) )c =
e

'
,

1

i
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This completes the definition of all temperature-dependent properties
required for computing the steady-state temperature distribution in fuel
elements.

2.3 Fission Power Variation

The fission power varies radially within the pellet due to neutron flux
depression. The variation increases with burnup. With the objectives in
mind of assessing TRAC code uncertainties, the fuel conditions presented here
are those used in the reference TRAC calculation.

The fission power varies radially in accordance with [5, Eq. 114]
i

i

,j''(() <qj ' '>f [1 + m(") (12)=

where gj'' = local volumetric fission power density
<ql''>f = area-averaged fission power density |(see Eq. 3 for definition of < >f operator)
( = r/Rg, normalized radius

;

R1 = outer fuel pellet radius
r = radial coordinate

m,n = constants. l

The form of Eq. (12) constitutes also the best type for fitting
Westinghouse data as used in TRAC. The first coefficient on the right-hand
side of Eq. (12) is needed to assure that averaging of Eq. (12) reduces to an
identity. The coefficients m and n vary in the ranges of 0 < m < 3 and 2 < n
< 4. Specified Westinghouse data require m = 0.403 and n = 3.917. This means
that the fission power' density is greater around the periphery of the pellet
and that the temperature is more uniform than for constant fission power Idensity.

I

2.4 Governing Equations for Steady Conduction

The combination of energy balance and Fourier's conduction law gives

V (k V T) + q' ' ' 0, (13)=

where all symbols have been defined previously. Since k depends on tempera-
ture, one introduces a new temperature 0 via the Kirchhoff treaformation [8]

T

f k(T)dT , (14)0 =
kref. T ref

where kref = k(Tref) and Tref is a known reference temperature. After substi-
tuting Eq. (16) into Eq. (13), one obtains this equation

krefV e + q'''(r) 0 (15)=

29
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l

which io linear and easy to integrate. Substitution of Eq. (6) into Eq. (14)
gives for the fuel pellet temperature

1

(T )ref (T f
+T = 'gg

g g

O_is the transformed fuel pellet temperature. Similarly, substitutingwhere f
Eq. (8) into Eq. (14) and solving for the cladding temperature, T , yieldsc

A"( 0T - ( c ref "
'

c cc

where Oc is the transformed cladding temperature.

Equation (15) is written for radial conductance in the fuel pellet to
give, in terms of the normalized radius (g = r/Rg,

deI d f

(If d (g ) + (If)ref (g d(f
"

9f f
'

is the outer radius of the pellet. Equation (12)definesqj''((g)where R3
The appropriate boundary conditions for the fuel' pellet are;

at (g = 0 def/d(f 0=

(19)
0.at (f = 1 Of =

From the last condition follows, by virtue.of Eq. (14), that

T, and (20)T (R )(T )ref ==
gg f g

( f)ref f(T ,) (21)"
g

Equation (15) reduces for the cladding to

deI d
7 p (r )= 0, (22)

dr

since there is no heat absorption in the cladding. Equation (14) and the
boundary conditions for Eq. (22) require that, at the outer clad radius, i.e.,

at r = Rw:
|

|
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O 0 and (23)=

c

-k (T,)dT /dr -(k )refde /dr / (24)R<qj''>f(2R)= =
.c c c

Equation (23) implies, similarly to the last of Eqs. (19), that

(T )ref T ( w) and (25)= "
c c w

(ke ref c( w) (26)"
,

I
whence, Eq. (24) reduces to

|
|

de
-aj<q;''>,/[2akcT,)].c

(27)=
,, o

Equations (18) and (19) and Eqs. (22), (23) and (27) define, via Eqs.
(16) and (17), the temperature distributions in fuel pellet and cladding, pro-
vided the outer temperatures T,o in Eq. (20) and T,in Eq. (25) of pellet and
clad are known. These two temperatures are determined from the conditions of
heat flux continuity at the outer pellet surface. First, at r = Rg:

abq;''>,/[sca+a)h8p) , (28)T -T -
ro c1 1 2

where Tci inner clad surface temperature=

R1 outer fuel pellet radius=

R2 inner clad radius and=

h h ,, + hrad (29)=
gp g

The gap conductance h has a contribution from the conductance h throughgp gas
the gas and a radiative contribution hrad. For the gas conductance

k (T)
h (30)"

'gas t

where k (T) was defined earlier in Eq. (9), and t is the effective gap width,g
taken here to be uniform around the circumference. According to Siefken et
al. [9), the effective gap width is

|

|
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6 + 3.2( S + S ) + g + 8 (31)t =
g c g c,

R -R , physical gap widthwhere 6 = 2 1
surface roughness8 =

g t emperature jump distance=

and subscripts f and c designate fuel and clad, respectively. The gap width 6
is computed from radial thermal expansions according to Eqs. (1) and (2).
Surface roughness 8 is known from measurements. The temperature jump distance
g can be computed from temperature accommodation coefficients (9, p. 18), but

1
it is normally derived from experiments to obtain measured fuel pellet

! temperatures. For the present analysis, gg + gc are taken to be the same as
the specified TRAC values [1, p. 69) (cf. Sec. 2.6).

The radiative conductance is

(Tf,+Tci) T ,+Tci)g
h "

'rad R

b + d ( b - 1)R*f 2 *c

5.6697x10-8 Wm2 g- 4where o =

pellet outer surface temperature
-

Tgo =

clad inner surface temperatureTei =

R1 pellet radius=

R2 inner clad radius,=

and cg and cf are specified by Eqs. (10) and (11). Thus, Eqs. (28) through

(32) determine the pellet outer temperature Tgo.

Finally, the outer clad temperature Ty is given in terms of known
coolant temperature T and convective film coef ficient h , averaged over thee
circumference of the clad. The energy balance for pellet and clad yields at r

- Ry:

2Rk(T,-T,) R<qj''>g, (33)=
y

where all symbols have been previously defined. Equations (18), (27) and (33)
suggest the simplification

q /w , (34)R<qj''>g =

where qj linear rate of fission power.=
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The linear heating rate qjisindependentofR,andremains,incontrastto
<qj''>g,fixedduringradialexpansionofthepellet.

Equations (13) through (33) define the temperature distribution in the
fuel element. Their solutions are presented below.

2.5 Steady-State Temperatures

2.5.1 The Cladding Temperature Te(r) is found by computing first the. outer
wall temperature from Eq. (33). With Eq. (34), one finds

1

T, + qj/ [2xR li ) . (35)T =
y

With Tv known, one can now compute the thermal conductivity k (Tw) for Eq.e(26), integrate Eq. (22), subject to Eqs. (23) and (27), to obtain first the
isolution for Oc(r) and then from Eq. (17)
|

T (#) - A" b I + ~2 k (
"

c w T) '

c c w

where b is given below Eq. (8). Equation (36) must be evaluated for r = Re 2 togive the inner clad temperature

b q' R

A" b1 + 2 xk ( T ) in[2 ]. (37)
T " +
ei w

e c w

2.5.2 The Temperature Difference Across the Gap is computed by combining
Eqs. (28) through (32) with Eqs. (9) at,' (10) to get

C (n - 1)
Y( n) C (U-l) ( )+=

~ *o =0, (38)l

$g+(c +C n)-1g 3

where n Tro/Tei=

C1 k (Tci)/t=
g

"

2 ci

C3 T= c2 ei
qj/(2wRTg ct)$ =

(R /R )(1/Ec-1)$1
=

1 2

and the constants B, ci and c2 are defined below Eqs. (9) and (10). All other
symbols have been previously defined. Equation (38) is readily solved byNewton-Raphson iteration:
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n" - Y(n")/Y'(n") (39)=n ,

where Y'(n") is the derivative dY/dn, evaluated with the p-th iterate n". The

iteration is started with no= 1.1. When two successive iterates dif fer by

less than 10-6, then n for Y(n) = 0 is found and

T, nT 0)=
g ei

gives the outer pellet temperature.

2.5.3 The Fuel Pellet Temperature is obtained by substituting Eq. (12) into
Eq. (18) and by integrating Eq. (18), subject to Eqs. (19). The result is

Of((g) , which must be substituted into Eq. (16) to yield the fuel pellet tem-
perature

b + 1

go{1+4T k (Tg) f )ciT ((f) T 9=

f9 f (n )2g

2 *
-E (1 + ("))} (41).

g g

Here, (q{'')ct is the fission power density at the centerline and given from
Eq. (12) as

R(qj'') (n+2)qj/ { 4(n+2(1+m))} . (42)=

All other symbols have been dafined in conjunction with Eqs. (6) and (12). The
thermal conductivity k (T o) is evaluated from Eqs. (4) and (5).f f

2.6 Comparison of Analysis with TRAC Results

Even though the focus of this paper is on fuel stored energy, the results
obtained so far provide an important assessment on fuel element simulations in
TRAC. A conclusive assessment of TRAC modeling requires the output listing of
important intermediate results which are not available from TRAC. Such
results include radial expansions, gap width, thermophysical properties and
the precise axial locations associated with listed temperatures and heat
transfer coefficients. The comparison between TRAC results and this analysis
is therefore limited to the comparisons of thermal conductivity and of temper-
ature distribution.

The TRAC document [1, p. 501) claims that the fuel thermal conductivity
is computed in TRAC in accordance with Reference [6, p. 23) , but it is not.
Evaluating the expressions in the . TRAC document [1, pp. 501 and 502) for a
fuel with 95% of theoretical density, one obtains the comparison with the
MATPRO formulation (6, p. 23] as shown in Table 1 below. Also shown are the
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results of an extremely simple ~ correlation given by Malang [10], which is not
only better than the TRAC formulation, but also produces results which are
closer to the experimental data than the results from MATPRO [11, p. 3-33].
Table.1 shows that the values calculated by TRAC are.too low and-should result

~

in higher fuel temperatures than those obtained with the NATPRO values. It

will be shown below that this is not the case.

Table 1 . Comparison of TRAC and MATPRO Results
for Thermal' Conductivity

Thermal Conductivity
W/(mK)

Temperature
K MATPRO TRAC MALANC

I
j 300 8.28 7.56 8.91

500 6.09 5.42 6.08
750 4.47 4.03 4.38

1,000 3.58 3.23 3.45
1,250 3.03 2.73 2.89
1,500 2.68 2.39 2.55

-

Equations (35), (37), (40) and (41) were used to, calculate the fuel tem-
perature distribution in that rod and at that location, where TRAC computed
the largest clad temperature at full power and under steady-state conditions
in a Westinghouse PWR with 17x17 fuel arrays. It.was the intent to have, for
the reference calculation, the same conditions as in the TRAC-PF1/ MODI calcu-
lation. These conditions are as follows:

linear heating rate, nominal 18 303 kWm-1
local radial peaking factor 1.111
local axial peaking factor 1.050
hot rod peaking factor 1.215

25.942 kWm-2 -1linear heating rate, effective gj g=

40.05 kWm-2 - 1convective heat transfer coefficient he g-

coolant temperature T. 599.44 K=

pellet radius, cold Ro g = 4.0960 mm
gap width, cold 0.0380 mm
outer clad radius, cold 4.750 mm
pellet radius, @ full power R1 4.11994 mm=

inner clad radius, Eq. (2) R2 4.14058 mm=

outer clad radius, Eq. (2) Rw 4.75756 mm=

clad thickness (hot) 0.616981 mm

Since the convective heat transfer in TRAC is corputed with the cold-value of |
outer clad radius, the heat transfer coefficient h had to be adjusted'so thate
(he) TRAC (R ) COLD = h .R . The effective gap width t in Eqs. (31) and (38) wasw e w
computed to produce the same gap conductance as produced in the TRAC code: hgp
= 10. 960 kWm- 2 - 1 This was achieved by using first from TRAC [1, p. 69] forg
Eq. (51)
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3.2(Bf+B)+gf+g 0.0044 mm ,=

by computing the cladding radii Rw and R2 from Eq. (2), and then by computing
the gap width 6 so as to produce the TRAC-computed gap conductance from Eq.
(38). The result is

0.020 639 mm.6 =

1

After substituting this gap width from R , the radius R1 as shown above was |2
obtained. Had Eq. (1) been used to compute R , then the hot-condition gap I

1

width would have been 13.801 pm instead of 20.639 un.*

IAll the expressions for thermophysical properties and Eqs. (35), (36),
(38) and (39), (40) and (41) were executed on an HP-41/CX programmable pocket

|

i calculator. Table 2 below shows the comparison between the results from
I closed-form integrations and from TRAC.

!

Table 2. Comparison Between Closed-Form Integration and TRAC-PF1 Solutions

Temperature (K)
Location

Closed-Form Int. TRAC Difference

Fluid (T ,) 599.440 599.440

Outer Clad Surf. (T ) 621.109 620.174 -0.94y

Inner Clad Surf. (T 1) 654.932 654.08 -0.85

Pellet Surface (Tfg) 746.368 746.295 -0.07

In Fuel Pellet at

r/R =/3/2 868.137 867.944 -0.19i

/2/2 999.148 996.880 -2.27

1/2 1,140.99 1,137.60 -3.39

0 1,296.16 1,290.75 -5.41

The comparison reveals that the TRAC-computed centerline temperature is
too low, even though the surface temperatures have been made to agree fairly
well and even though the thermal conductivity kg of the fuel is too low in
TRAC as discussed above, Since the centerline temperature increases by ap-
proximately 16.4 K for a reduction in fuel thermal conductivity by 0.1 W/(mK),

*The gap width in TRAC was in fact, increased to obtain fuel storrad energyas provided by Westinghouse,.
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and since, according to Table 1 above, the mean difference between MATPRO and
TRAC values of thermal conductivity is -0.46 W/mK), it appears as if TRAC had
a total computational error of -(4.6 16.4 + 5.2) K 7 -80 K for the center.

line temperature. Notice that if TRAC accounts for fuel cracking or other
phenomena which reduce the thermal conductivity but are not accounted _for in
the closed-form integration, then the deficit of the centerline temperature
can only be larger.

2.7 Stored Energy

The thermal energy stored in fuel pellet and cladding is computed with re-
spect to the energy at the coolant temperature T . It is the sum of energies
stored in fuel pellet and in cladding, namely

E Ef+E ( }=
'c

where R T (r)I g

2n f p f [c(T))f dT rdr (44)E =
f f pT,o

R T (r)y #2w f p f [c (T)) dT rdr (45)E =

R T,2

3and p 10,011.5 kg/m , fuel density (10]*)=
f

36,487/5 kg/m , clad density [10]o =
c

specific heat at const. pressure.c =

Subscripts f and c designate fuel and clad, respectively.

The specific heat for UO 2 Pellets is given in Reference [6, p. 9]. For
the oxygen to metal ratio of 2 for UO , it is2

D
E 77D m

[c(T))f =c +KT+ e (46),y 6 2
GT

where
2K6 = 0.0243 J/(kgK )

7K = 8.745 x 10 J/kg
7

* pf and ps are computed with <Tr>f and (T >c, respecitvely and kept constant.e

;

|
i

|

|

37 1

_ ._.



. . _ - -- . .

51.577 x 10 37,o1E =
D

Ot = 8.3143 J/(mol K)

and cy is given in Eq. (5). Figure A-1.1 on p. 14 of Ref. [6] shows that
(c )g increases linearly between T = 650K and T = 1300 K. Thus, Eq. (46) isp
used to compute a reference value at T = Tro, and the [c (T)]g- variationp
within the pellet, as needed in Eq. (44), is a_nproximated by

gg}(c(Tgn))g(1+K8 (Tg(c(T)}f (47)-T=
,

p
1

where K = 1.5299 K-l.
8

Equation (47) introduces an error of less than 0.6% in the calculation of the
energy stored in the pellet, but it f acilitates greatly the evaluation of Eq.

(44).

The specific heat for zircaloy in its alpha phase (300 i Te i 1090 K) is
given in Table B-1.1 of Reference (6, p. 206). The data given in that table
are represented best* by

0(c (T)] 2 r(T/(1K)} (48),
p y

where K = 80.20769 J/(kg K)
9

K = 0.220 247.
10

Equation (48) fits the tabulated data with the coefficient of determination r
=0.9983andamaximumerrorof0.6%,havingamaximumimpactonEinEq.(43Y
of 0.01%.

Equations (41) and (36) were substituted in Eqs. (47) and (48). The
respective results were then substituted into Eqs. (44) and (45). The
integrals of Eqs. (44) and (45) were numerically evaluated on an HP-41CX
programmable pocket calculator, using its built-in quadrature algorithm. This
algorithm was executed to guarantee six significant digits. With the condi-
tions listed in Section 2.6 above, the following results were obtained:

66.5903 kJ/m,E =
g

E = 1.4005 kJ/m and

E = 67.9908 kJ/m.

* Linear, exponential and power-law reg essions were tried throughout this
work. The regression with the largest r value was selected.
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Figure 2 shows the depend-
ence of fuel stored energy E on
normalized linear heating rate.or
fission power, the fission power

i i i i i i i being normalized by the valueg'
listed in Section 2.6 above.

It was indicated in Section
2.6 that the TRAC code appears to''O - -

underpredict the fuel centerline|
!

_ _
temperature by 80K. With Eq .
(43), one can determine the corre-i

| k _ _
sponding deficiency in fuel stored

' {g energy. TRAC appears to underpre-
g ,o _ _ dict fuel stored energy by 6.05
g kJ/m or by 8.9% of its reference
t;

7o _ _ value relative to the coolant
temperature (E 0 for <T >f= =

f

so - - <Te>c = T.).

2.8 Uncertainties in Predictingso - --

Fuel Stored Energy
40 - _

Expressions for thermophysi-

! a.'r cal properties and transfer laws'30 ) os os o 3 i4 s.s J0

' RELATIVE power DENSITY, e//(g|)"'
are derived from experimental data
with known random errors..Second- j

ly, reactor and fuel conditions.
are specified, but with statisti-

Figure 2. Stored Fuel Energy vs. cal uncertainty. Thirdly, the
Fission Power mathematical models in TRAC-PF1/

MODI were found to differ (cf.
Table 1) from the documented mod-

els. The TRAC models have systematic errors because of such differences, be-
cause of parameter adjustments (cf. Sec. 2.6) and because of numerical approx-
imations (computational errors). Parameter adjustments and computer errors
are being assessed by comparison with data [3]. Their consequences are known,
but only within statistical error bounds.

Thus, even though a computer code execution is deterministic, the statis-
tical uncertainties in input data specifications and the of ten unpredictable
consequences from systematic errors cause computer results to be afflic ed
with essentially random errors, the magnitudes of which must be estimated with
quantifiable confidence.

In this section are summarized the uncertainties in fuel-related parameter
specifications. They were taken from previously published uncertainty analy-
ses, from the available code documentation and from Reference (6].

2.8.1 Uncertainties of Input Data Specifications. In the category of input
data are (1) the initial power level or linear heating rate, (ii) the power
distribution, (iii) the fuel dimensions at cold conditions and (iv) the condi-
tion of the fuel (burn-up conditions) . Table 3 below summarizes the fuel-

39

.. . _ . -



. _ ---- . . _. - - .. - -.

related input parameters, their 1-o uncertainties, associated probability dis-
tributions and the references. Unknown probability distributions are speci-
fled as uniform because equal probabilities reflect the maximum of ignorance.

Table 3. Uncertainties in Input Data

Parameter 1-0 Uncertainty Distribution Reference

Fission Power 12% Normal [12), Table 2

Peaking Factors I

local Axial 10.7% No rmal [12), Table 2 1

local Radial 12.5% Normal [12], Table 2 i

Pellet Radius (cold) 10.1% Uniform [13], Table 2 |

Clad Radii (cold) 10.1% Uniform [13], Table 2

Neutron Flux Depression
m (Eq. 12) 10.05 Uniform Estimated
n (Eq. 12) 10.3 Uniform Es timated

The uncertainty in fission power reflects the random error of matching the
calorimetric balance of the plant with instrument readings. Even though it is
not a code uncertainty, it must be part of the peak clad temperature uncer-
tainty. Peaking factor uncertainties account for random errors in specifying
power distributions in the core. B. W. Sheron [12] implied normal distribu-
tions for power and peaking f actors. These have been uuopted here also.

Errors in pellet and cladding dimensions are random fabricatior errors.
Since quality control eliminates large deviations, a uniform distribution is
suggested here. However, for the purpose of this analysis, these si;.e uncer-
tainties and the uncertainties of surface roughness [13, Table 2] are combined
later into the gap conductance uncertainty, to which is assigned also a uni-
form probability distribution.

Uncertainties for fission power variation within the fuel pellet are esti-
mated. No data could be found.

2.8.2 Modeling Uncertainties. Modeling uncertainties arise f rom random dif-
ferences between heat transfer and thermophysical property measurements and
the correlations used to represent the measurements in the computer code.
Systematic differences, however, between the mathematical models in the code
and the experimental data are code-specific and presented later in Section
2.8.3. In the category of fuel-related modeling uncertainties are the uncer-
tainties from (i) fuel pellet thermal conductivity, (ii) cladding thermal con-
ductivity, (iii) fuel pellet heat capacity, (iv) cladding heat capacity, (v) !

filler gas thermal conductivity, (vi) thermal expansion or gap width, (vii) |
radiative surface properties and (viii) convective heat transfer coeffi- 1

cients. Table 4 below summarizes 1-0 level uncertainties, approximate distri- I

butions and source references for these parameters.
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Table 4. Uncertainties of Fuel-Related Parameters

Parameter 1-a Uncertainty Distinction Reference

Fuel thermal cond., k 10.2 W/(mK)* Uniform (6], p. 24gClad thermal cond., k 11.01 W/(mK) Normal [6], p. 218
Fuel heat capacity, ([>c) 130.035 kJ/(m K) Uniform [6], p. 10t

3

Clad heat capacity, (pc)*f 164.875 kJ/(m K) Uniform [6], p. 211
3

Gas thermal cond., k 10.0131 W/(mK) Uniform [6], p. 485,t8
(14], p. 15

Ef fective gap width, t 120.98 pm Skewed [15], pp. 31 & 92
Pellet emissivity, c 17% Uniform [6], p. 48.6

fClad emissivity, c 0.10 Uniform [6], p. 237
Convective heat transf.,

single-phase, forced,
i

turb. -5% to +35% Uniform [16], p. 18; [17]
|

* Notice that Hobson's data listed in Table A-2.VII [6], are incorrectly |plotted in Figure A-2.4 [6] .
tRevision 8/81.

1

The probability distributions in Table 4 are specified as normal whenever they
are unknown or known to be approximately normal.

The uncertainty of fuel thermal conductivity, kg, is specified in Ref-
erence [6, p. 24] for all fractions of theoretical fuel density. For the
fraction of 94.9%, Hobson's data as listed in Ref. [6] are (0.32 1 0.09)W/(mK)
higher than the MATPRO correlation, Eq. (4), in the temperature range between
547K and 1,330K. However, for this analysis we adopt the more universally
applicable error range as specified in Reference [6].

Error brackets for heat capacities, ( pe ) , were computed from uncer-p
tainties specified for specific heats in Reference [6, pp. 10 (of 8/81 revi-
sion) and 211] and the densities given below Eq. (45). The uncertainty for
density is trivial (i0.5% of theoretical density for fuel [13, Table 2]) and
therefore ignored.

The uncertainties for important parameters affecting the gap conduct-
ance are combined into an overall gap conductance uncertainty, based on Eq.
(3) and on the assumption of independence between the dominant gap width and

i

gas conductivity uncertainties:

Ah A +A (49)=
.gp

|
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Here, the uncertainty from gas conductance uncertainty, Akg = 0.0131 W/(mK) ,
is

2634.7 W/(m K) (50)Ak /tA == ,

g g

the ef fective gap width, t, being defined by Eq. (31) and computed with the
25.039 pm, and from gap - widthvalues given in Section 2.6 to be t =

uncertainty,

k
2E = 4,992.0 W/(m K) (51)hA = .-

2 gp t + At

l

k, is evaluated f rom Eq. (9), with the meanThe gas thermal conductivicy, g
temperature computed f rom the values 2 ven in Table 2. The nominal gap con-i

ductance is h8p = 10.960 kW/(m K) (cf. Se c . 2.6), as in the TRAC code. The2

gap width uncertainty, At, is taken from Reference [15] as shown there in
Table 4. Uncertaintico from radiative heat transfer (cf. Eq. (32)) are ig-
nored because the entire contribution from radiative heat transfer to gap con-
ductance is only 0.4% at normal full power conditions.

Snostitution of Eqs. (50) and (51) into Eq. (49) yields the 1-o uncer-
tainty of gap conductance which is

25,032.2 kW/(m K) (52)Ab =

gp

and amounts to 45.9% of the nominal gap conductance.

Cap conductance uncertainty is dominated by the uncertainty of effective
gap width. The effective gap width uncertainty, At, is slightly smaller than
the effective gap width t itself, but approximately as large as the physical
gap width 6. There is no general agreement in the literature concerning gap
width uncertainties; most error ranges have been assumed without basis.
Sheron [12, Table 2] lists an "assumed RMS error" of 25% for gap conductance,
which appears low. In contrast, Lassmann and Hohlefeld [18] more recently
compared nearly a thousand gap conductance measurements with results from the*

URGAP computer code. The measurements were taken primarily from extremely
well-controlled out-of-pile experiments, and URGAP "has been fitted to the
data of Ross and Stoute (19], Dean (20] and Campbell et al. [21] ." Under such
rather ideal but atypical conditions, Lassmann and Hohlefeld obtained the gap
conductance uncertainty of 33.4% (1-o level). Cunnin3 ham et al. [22] conclud-
ed also from experiments that the gap width uncertainty is approximately 50%
(p. C-2), based on an initial gap width of 229 um (p. A-1) and a nean gap
closure by 63% (p. C-2). This leaves, under normal full-power conditions (in
a BWR fuel pin), a gap width of 108 pm with an uncertainty of 50 tsn .
Cunningham et al. add a 100% uncertainty (p. C-6) in temperature jump distance
uncertainty (cf. Eq. (31)) and a 10% uncertainty in the gap width coefficient
of their STORE computer code. This tends to support the uncertainty analysis
by Steck et al. [15] for PWR conditions, i.e. the reference f rom which Eq.

(52) was derived.
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For uncertainties of convective film coefficients, it was pointed out by
Lellouche (16] that when heat transfer coefficients appropriate for conditions
inside circular tubes are used for heat transfer in tube bundles , then the
heat transfer coefficients are consistently underestimated. This being the
case in the TRAC code, the 120% range of 1-o level uncertainties suggested by
the comparison of the Dittus-Boelter correlation with data [17], has been
shif ted to {-5%, +35% } to account hr the above enhancement of heat transfer
regimes with phase change. This is addressed in Section 3 later.

2.8.3 Systematic Modeling Errors in TRAC-PFl/MODl. Based on presently
available code documentation [1] and on the written responses [23] from Los
Alamos National Laboratory to specific questions posed by the author, TRAC-
PF1/ MODI has four systematic errors related to its fuel modeling:

1. The thermal conductivity is too low as shown in Table 1 (cf. [1, p.,

| 50]. The mean bias is -0.46 W/(mK) relative to the correlation
I given in MATPRO [6, p. 23]. The consequences should have been an

excess of initial fuel stored energy of approximately 6 kJ/m or 9%,
and a 13% increase in pellet thermal respanse time. As pointed out
in Section 2.6, however, TRAC results show a slight deficit of 1% in
fuel stored energy when compared with results from closed-form inte-
gration. The cause for this discrepancy might be computational
error; the exact cause cannot be identified without additional code
documentation. The increase in thermal. response time, on the other
hand, appears to be corroborated indirectly by comparing the thermal
response of the cladding as computed by TRAC and by the analysis
presented in Section 3.

2. The gap width is increased from approximately 14 um to 21 um (under
hot conditions). The adjustment is suggested in the TRAC LBLOCA
report [24, p. 17), to achieve vendor-specified initial fuel-stored
energy. The magnitude of the adjustment given here is inferred f rom
hand calculations (cf. Eqs. (1) and (2)) because the necessary docu-
mentation is lacking in TRAC output listings. It is possible, by
gap width adjustments, to obtain the correct initial fuel stored
energy, but not without changing the pellet and cladding responce
times. It will be shown in Section 3, that any increase in gap
width, i.e. decrease in gap conductance, increases blowdown peak,

clad temperature. This is true only in-the vicinity of the fuel
conditions calculated in TRAC for full-power conditions, but it
shows that stored energy and with it pellet temperature is more
important for peak clad temperature than gap conductance. Whether
TRAC results are conservative, however, can only be determined from
calculations carried out with correct fuel thermal conductivity, |

without significant computational error and without gap width
adjustments.

3. Thermal expansion in radial direction are computed incorrectly in
TRAC [1, p. 70], because (i) the formula for radial displacements is
evaluated with the abtolute temperature instead of with the excess
temperature above the temperature of the strain-free state and (ii)
total radial displacements are added to radii from previous time
steps, rather than to radii of cold conditions. One should suspect
documentation errors here, but it was not possible to resolved this
issue [23) without better documentation.
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4. The calculation of two-phase flow heat transfer coefficients in
TRAC-PF1/ MOD 1 (1, p. 81, Eq. (140), p. 83, top equation; p. 63) is
incorrect because (i) the equation on page 63 is wrong and (ii) a
mixture heat transfer coefficient is assigned. to the liquid phase,-
while the vapor phase heat transfer coefficient is not'zero.

(i) Los Alamos National Laboratory claims [23) , with unspecified
references to M. Ishii and J. M. Delhaye, that the equation on page

.63 af (1) for combining phasic heat transfer coefficients is derived
by averaging. No reference for this averaging is offered. Since
the equation contains neither a phasic perimeter fraction, nor a :j

|- phasic wetted area fraction, nor a phasic wall residence time frac- I
~

tion, it is. absolutely impossible to derive the equation on page 63,
nor Eq. (98) on p. 58 (for solid structures) either by space or by
time averaging.
(ii) Los Alamos National Laboratory concedes [23), that mixture and |
vapor heat transfer coefficients should not be added as in the~ TRAC
code, but they claim that it is permissible to, add them because the

coef ficient (h )dirsia is
is at least 100liquid convective heat transfer

' Thia" wrong intimesgreaterthanthatforvapor,(()y.
principle (one does not introduce unnecessary errors, because they

'

are small); it is also. wrong because 25 randomly selected TRAC re-
suits, obtained from a P)[R LBLOCA calculation, show that during.
the blowdown phase (h )i (h )v = 16 1 14, (1-o)./c c

This systematic error does not affect single-phase coolant conditions,
whence it does not affect the initially stored energy but it will affect the
transient calculations.

2.8.3 Resultent Jncertainties in Fuel Stored Energy. Table 5 summarizes the
changes caused in fuel stored energy by varying the dominating fuel-related
parameters, each one individually, by its 1-o uncertainty. The second column
shows the parameter values for normal conditions, as they were used to obtain
the results in Table 2, and the stored energy given in Section 2.7. The third
column shows the parameter changes which bring about an increase in fuel
stored energy and which correspond to a 1-o variation. Notice that the con-
vective film coefficient was reduced by 20%, one-half of the total variation

,

listed in Table 4. Column four shows the extreme values used to calculate the
changes in stored energy, while column five lists the corresponding values for
stored energy. The last column shows the changes in stored energy relative to
the reference v lue of E = 67.991 kJ/m (cf. Section 2.7).

The w lues in Table 5 serve four purposes. Firstly, they serve to rank
the parameters in their order of significance in affecting stored energy.
Notice that, the convective film coefficient is in eighth place because it is

,

'

assumed that its minimum value is only 5% below its computed reference value
(on account of heat transfer enhancement in rod bundles, cf. Section 2.8.2),
and because such a 5% decrease would increase the stored energy only by 0.313
kJ/m. Clearly, uncertainties in gap conductance, peaking factors and fuel
thermal conductivity have the most serious influence on stored energy.
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Table 5. Elements of Stored Energy Uncertainty

i

~(E, ref
Stored

Reference la Max./ Min. Energy
Parameter Value Changet Values kJ/m kJ/m

Gap Conductance 10.960 kWm-2p 1 -5.028 kWm-2r1 5.932 kWm-2r 84.928 16 9371
-

Peaking Factors 1.41736 x1.03218 1.46297 70.675 2.685

Fuel Thermal Cond. 4.392 Wm-Ir -0.2 Um-Ir 4.186 Wu-Ir 70.475 2.4841 1 I

Power 486.49 MW/m3 +2% 496.22 MWm-3 69.655 1.664

Fuel Heat Capacity 3.028 MJa-3rl +30.035 kJm-3r 3.059 KI m-3r 68.651 0.661l l

Cladding Thermal Cond. 16.735 Wm-Ir -1.01 Wm-IC 15.728 Wm-Ir 68.455 0.464l I l

Burn-Up m 0.4034 -0.05 0.3534 68.346 0.335
a 3.9167 -0.30 3.6167

Convective Film Coeff. 40.05 kWm-2r -20% 32.04 kWm-27 69.241 1.251
1 1

Cladding Heat Capacity 2.145 MJm- 3p +64.675 kJm-3 -1 2.210 MJ m-3C 68.033 0.0421 lK
,

tcf. Tables 3 and 4.

i

f



Secondly, the values listed in the third and last columns of Table 5
serve to estimate the sensitivity of fuel stored energy on modeling parame-
ters. The ratio of listed stored energy change over a listed patameter change
is an approximation to the partial derivative of stored energy with respect to

that parameter and can be used to estimate the stored energy change for dif-
ferent parameter changes.

Thirdly, if one assumed that the conditions of linear error propagation
are met, one could estimate the uncertainty in fuel stored energy from [25]

/ { d - U .7 W m , Mo -
g

!

67.991 kJ/m. The ai values inwhich is 26.1% of the reference value E =

Eq. (53) are the values in the last column of Table 5, except that for convec-
tive heat transfer only 1/4 of the tabulated value is used (corresponling to
the low range shown in Table 4). It must be pointed out, however, that Eq.
(53) is only a rough estimate since the conditions of linear error propagation
are not strictly met.

The fourth and last purpose served by Table 5 is to show that the effects
of parameter variations on fuel stored energy can be simulated by simply vary-
ing the fission power or the power peaking factor. Since this is easy to car-

ry out in the TRAC code for a large number of fuel elements, it is a powerful
technique for developing response surfaces in support of statistical uncer-
tainty analyses, because this technique saves computing resources. One needs
to select from Table 5 the amount of needed change in stored energy for a
given change of any of the listed parameters, and then to determine from
Figure 2 the multiplier for peaking factor which is to be used for the steady-
state calculations of initial conditions.

2.9 Conclusions Regarding Fuel Stored Energy Uncertainty

1. Initial fuel s's. ed ener gy can be computed ef ficiently f rom closed-
form integration M cno steady-state conduction equation, taking
into account the dependence of thermophysical properties on tempera-
ture and the radial variation of fission power due to neutron flux
depression.

2. The uncertainty in fuel stored energy is dominated by uncertainties
in gap conductance, peaking factors and fuel thermal conductivity.

3. The fuel stored energy per unit of length of fuel pin, in the fuel
pin with the highest clad temperature at full-power conditions in a
Westinghouse PWR core with 17 x 17 fuel arrays and 160,000 Md/t
burnup is 68 kJ/m. The standard deviation of the stored energy is
approximately 26%.

4. It is possible to approximate the effects on stored energy of all
important uncertainties from fuel-related modeling parameters by
corresponding variations in peaking factors.
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3. Thermal Response of Fuel

It is recognized that peak clad temperatures are the higher the larger
the initial fuel stored energy is and the more easily this stored energy can
pass from the fuel pellet into the cladding. Also, one and the same change or
uncertainty in important fuel modeling parameters can increase the stored
energy while retarding the energy transfer from pellet to clad, thereby repre-
senting opposing mechanisms which determine peak clad temperature. Gap con-
ductance and thermal conductivity of fuel pellets are two such important
modeling parameters.

It is the purpose of this section to determine the effects which the
parameters listed in Table 5 have on peak clad temperature. It is of particu-
lar interest to know which of these parameters have opposite effects on peak
clad temperature and on fuel stored energy.

|
3.1 Problem Formulation

{
l

We seek the transient fuel and cladding temperature by integrating the
transient conduction equation

=kf (h) + gj'' (54)pe
p

in the two regions (subscripts f for fuel and c for clad), as shown in Figure
1. All symbols are defined as before, except

E = pc(<T>), mean volumetric heat capacityp

k = k(<T>), mean thermal conductivity,

both evaluated, respectively, for fuel and clad wit.h the are,a-averaged tempe_r-
atures defined _in Eqs. (3) by using E3s. (4) and (5) for k , Eq. (7) for k ,gEq. (46) for (c ) and Eq. (48) for (c )c. The densities p and p are kept

as specSfked below Eq. (45). gP, impose as boundary condftions theconstant 4
same four heat flux conditions as in Section 2.4 for the steady-state analy-
sis: zero flux at the center line and flux continuity at all three surfaces.
We also impose continuity of temperature at three surfaces of pellet and clad,
taking properly into account the temperature jump distances gg and ge (cf. Eq.
(31)). The surface roughness is insignificant and ignored.

3.2 Solution Technique

Equation (54) is first converted, by area averaging (cf. Eq. 3), into one
o rdit.ary differential equation each for pellet and for clad, as shown in
Reference [26]. The result is

d<T >f <qj''>f 2Eg gg ei
T -T

f

I

(E )f (3 )fR
inp

R-g
g g
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T,-Tci + bd<T >c f ce g

dr R +g R 2 Bi ( a w'"

sR,( pc )c c m s
p

R -gfg

where c = R -R , cladding thickness
2 g

R, = (R +R )/ 2, mean radius of cladg 2

= k I( #p)c, thermal diffusivity of clada, c

= sE ! c'| N """ *# # "
Bi c

g = temperature jump distance

and all other symbols have been defined previously. The right-hand side of

Eq. (55) represents clearly the balance between internal heat generation and
heat transfer through the gap, while the right-hand side of Eq. (56) shows
similarly the balance between heat supply from the pellet and heat loss to the
coolant. Integration of Eqs. (55) and (56) yields the area-averaged tempera-
tures defined in Eqs. (3) and needed to evaluate all properties. However, one
needs to calculate the surface temperatures Tro, Tei and Tw, in order to inte-
grate Eqs. (55) and (56).

These three temperatures are computed by approximating the transient tem-
perature distributions in pellet and clad by two separate power polynomials in
radius r. The polynomials have time-dependent coefficients which are computed
to satisfy the above-mentioned seven boundary conditions of heat flux and tem-
perature continuity, plus two requirements imposed by Eqs. (3). The total of
nine conditions defines the three temperatures Tro, Tei and Tw, all in terms
of <Tg>f, <T >c and T., and also six time-dependent polynomial coefficientse
[26]. The three surface temperatures are:

T , = F <T >f + F < T +F T, (57)
f g f 2 cc 3

- O (<T >f - T ,) (58)T = <T >f g f fcf f

= ((0 g)T ,- T , + ( g+1)Tei 4
!N , (59)T

4 f

where F =(O-1)(0(0-0)-0(0+1)l/Cg g 4 3 2 5 3

F "00/0
2 34

F " ~0 0 0
3 35
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G = 0 0 (0 -0 ) + ~0 )(bO *0 )g3 4 5 1 4 5

O = 4 A y +1 04 = 0 (NBi+ /2g f3 ,

3

b " T (0 -0 )Q "T~T '2 6 5 6 4 3

0 " Y3 c4

A = E /k A =k6
f f g c c 8

,

Y =In[R e !( 1~83 2 f

" T R /sY4 32

Y = (3R + s)/ [3(2R +s) )5 2 2

"(4N+38)/(6(2R+s)).Y6 2 2

All y-values are fixed for fixed geometry; A , D , F- and G- values vary with
temperature. One can integrate Eqs. (55) and (56) with Eqs. (57) through
(58). The fuel center line temperature is given by

T = 2<T >f -T,. (60)c f f

The expressions for temperature distributions (parabolic in pellet and cladd-
ing, logarithmic in gap) can be found in Re f . .[26]. They are not needed
here. However, Eqs. (55) and (56) need initial values for T = 0. They are
derived to render the derivatives in Eqs. (55) and (56) to be zero [26]. They
are computed from:

<T (0)>f = (V U ~YU ( 11 22 -U U (60f g 22 2 12 12 21

<T (0)>c " (Y2 11 1 21) ( 11 22 -U12 21), (62)~Y
e

s/R n-F((1+n}0-l]R<qj''(0)>f+T 3 3 3 1where V = *
1 N " 0Bi 2k 4

f

49

. __ ___ _



R<qj''(0)>g
3 23(I~0 )V2" - T ~

1
2k

g

ll " k(I+E )(I+0 (F -1) )-F }/ 0U
3 1 g g 4

U = F [(1+0 )n -1)12 2 3 g

U = (1-n ) (F -1)21 g g

U = F (I~0 )'22 2 1

'''(0)> is the initial, area-averaged fission power; all other symbols
and<qfinedbblowEq.(59).are de

The transient conduction model represented by Eqs. (55) through (62) was
derived (5] on the basis of integral techniques described by Goodman (4]. The
model applies to the thermally thin conduction regime. The criteria for its
applicability are given by Wulf f et al.-(26]. Physically, the model implies
thermal relaxation without delay; the results lead those of the exact solution
by less than 12 milliseconds for the cladding and by less than 0.1 seconds for
the pellet surface. This is deemed adequare for peak clad temperature calcu-
lations during LBLOCA simulations. See Reference (5] for more details con-
cerning accuracy.

Equations (55) and (56) were integrated on an HP-41CX programmable pocket
tcalculator, using a fourth-order Runge-Kutta integration algoritha . The

HP-41CX executes Eqs. (4), (5), (7), (9), (46) and (48) for properties, Eqs.
(61) and (62) for initial conditions and Eqs. (57) through (60) for fuel and
cladding temperatures. The integration step size of 50 milliseconds guaran-
tees a computing accuracy of _+0.05K; five significant digits remained unalter-
ed duriag eighty integration steps or 4 second of a null transient which was
started from Eqs. (61) and (61).

P

Results were computed for two sets of boundary conditions. One set
approximates the fission power and coolant conditions as calculated by the
TRAC code while simulating an LBLOCA for reference Westinghouse PWR plant con-
ditions. The other set consists of limiting step changes in coolant condi-
tions to show the effects from DNB delay (departure from nucleate boiling) or
f rom dryout delay, and also with changes of time for scram initiation. The
results are presented in the following two subsections.

tThe Runge-Kutta algorithm was coded for the HP-41CX as part of this project.
It needs 26, memory registers. The number of nonlinear ordinary differential
equations, Y = f(x,Y), that can be integrated is free and depends only on the
complexity of f and the number of available registers (max. 896).
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3.3 Effect of Fuel Parameter Uncertainty on Peak Clad Temperature

Eighteen transient fuel temperature calculations have been performed to
assess the effects of parameter variations on thermal response and on peak
clad temperature. The results are shown in Table 6.

Table 6 Thermal Response of Fuel and Peak Clad Temperature Change

Step Change TRAC Blowdown B.C.

Initial Clad Change of Peak Clad Change in
Temperature Initial Temp. Peak Clad

Rise Temp. Rise Temp.
Parameter K/s K/s K K

Gap conductance 724.2 -7.2 884.8 52.4
Peaking factor 753.0 21.6 843.0 10.6
Fuel thermal conductivity 731.3 -0.1 847.5 15.1

,

Power 744.9 13.5 839.0 6.6 |

Fuel heat capacity 731.4 0 833.3 0.9 ;

Cladding thermal cond. 732.0 0.6 833.9 1.5 |
Convective heat trans. coef. 722.0 -9.4 849.5 17.1 ,

'Cladding heat capacity 710.0 -21.4 833.5 1.1
Reference case 731.4 832.4--- ---

._

The first set of nine calculations was carried out to obtain the initial
time rate of mean clad temperature rise f rom Eq. (56). Initial steady-state
conditions were computed, according to Eqs. (61, (62) and (57) through (59),
first with the parameters from TRAC-PF1/ MOD 1 as listed in Section 2.6, and
then with all but the burn-up parameters (not modeled in Eqs. (55) and (56))
shown in Table 5 changed by the same 1-o uncertainty as listed in Table 5.
The transient was induced by changing the following three boundary conditions
from initial values

T, = 599.44K

for i < t' =0 (63a)_ ,

h = 40.05 kW/(m'K)e

3<qj''>g=486.49MW/m for T < t" =0 (63b)

to T, = 666.80K

II = 0.8805kW/(m g)
- t' =0 (64a)for t >

2
e

3<qj''>f = 27.24 MW/m for T > t" = 0, (64b)
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which are the highest vapor temperature, the lowest heat transfer coefficient,
both as calculated by TRAC-PF1/ MOD 1 for an LBLOCA blow-down phase, and 5.6% of
initial power, representing the mean fission power during the first two see-
onds. The results are shown in the second and third columns of Table 6. The
second column shows the initial mean clad temperature rise, d<Te>c/dt at t=
0. The third column shows the effect of parameter variations on the thermal
response of the cladding, relative to that of the reference calculation, which
is shown in the last line. Indeed, gap coeductance, fuel thermal conductivi-

|

ty, convective film coefficient and cladding heat capacity, when changed so as '

to increase fuel stored energy, decrease, as expected, the rate of thermal
response by the cladding. This suggest that these four parameters have oppo-
site effects on stored energy and peak clad temperature.

Figure 3 shows the transient outer cladding temperature, Tw(T) under ref- )
erence conditions and with boundary conditions as specified by Eqs. (63) and
(64). This figure suggests that the initial slope might not dictate the peak
of the clad temperature Ty. In fact, as shown in the first two columns of
Table 6, che opposite ef fects suggested by the results in the second and third
columns are unimportant with regard to peak clad temperature.

Far more importantly, Figure 3 shows that during the blowdown phase the
clad temperature is limited by vapor cooling, without the arrival of drop-
lets. The clad temperature peaks even when the pessimiotic cooling condi-
tions, Eqs. (64), prevail at once af ter scram and then remain. The blow-down

peak clad temperature is unaf fected by reactor pump degradation or by transi-
tion of critical break flow f rom subcooled to two-phase flow conditions, ex-
cept in the highly unlikely event that liquid inj ection at core entrance
should occur in less than approximately two seconds af ter dryout or departure
from nuclear boiling (DNB). Aside from this exception, the blow-down peak
clad temperature is dictated by fuel stored energy alone or, equivalently, by
the linear heating rate (cf. Figure 2). Whence, blow-down peak clad tempera-
ture measurements are not affected by scale distortions outside the core in a
test facility.

Turning now to the second set of transient fuel temperature calculations,
we describe how the last two columns in Table 6 were obtained. Another refer-
ence and eight repeat calculations were carried out with the 1-0 parameter
variations listed in Table 5, only one parameter being varied at a time, to
show the effects of these parameter variations on blow-down peak clad tempera-
ture. These nine parametric calculations were carried out, however, with
boundary conditions representative of the ones imposed by the TRAC-P F)./ MOD;

|

code during blow-down, on the fuel pin segment which had the highest clad tem- |
perature at full power steady-state conditions. Figures 4, 5, and 6 for cool- |

ing rate, liquid temperature and vapor temperature, respectively were generat-
ed by TRAC and used to derive these approximate bounda,ry conditions for cool-

T. , heat transfer coefficient, h, and fission power,ant,,> temperature,
'

e
(qf g:

T,(T) = 599.44K - (21.41K/s)T .35)

2h (T) 40.05kW/(m K) f (T), (66)=
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1+(0.9812 s-1)r for'0 < t < 0.47swhere f (t) =
g

Max {0.022314,2.13745-(1.43886s~I)}-

for 0.478 f i 4s
|
l and

3<qj''>g= 486.49 MW/m for 0 i t i t" = 0.28
4E6,49 MW/m3(1.236-(1.180s-1)t for t" i t i t" + 0.8s=

327.24 MW/m for t" + 0.88 1 t i 4.0s j=

(67)

All boundary conditions start out with steady-state initial conditions.
The TRAC-computed cooling recovery at 2.818 af ter break initiation is inten- ;

tionally omitted; the cooling rate is kept constant instead.

The outer clad temperature history, Tw(t), obtained with these refer-
ence conditions and with all parameters in Table 5 at their nominal values is
shown as the solid curve, markel REF, in Figure 7. The comparison with TRAC
results shows that the TRAC-computed peak clad temperature is approximately
28K lower and appears 0.4 seccnds later than sb9vn in Figure 7. Tha shape of
the curve from TRAC, however, is the same as that of the solid curve in Figure
7, except for a small reduction in slope at the time (1.478) of a computer re-
start.

The fourth column in Table 6 shows the peak clad temperatures obtained by
changing the listed parameters by the 1-o uncertainties listed in Table 5.
The last column shows the corresponding changes in peak clad temperature rela-
tive to the reference value of 832.4K, given in the last line. In contrast to
the conclusion arrived at from the thermal response rate dif ferences in the
third column of Table 6, all parameter changes, which produce an increase in
stored energy, produce also an increase in peak clad temperature. This shows
clearly that energy storage is mo:e important for peak clad temperature than
are heat transfer rates.

Af ter taking the square root of the sum of squares (cf. Eq, (53) for
stored energy) of all the dif ferences in the last column of Table 6, one ob-
tains a rough estimete for the 1-o uncertainty in peak clad temperature of
41.4K, as it results from the uncertainty of fuel-related parameters. This |

estimate is offered here with caution, because it is based on lineer error '

!propagation [25), of which the requirements can be met only approximately by
the peak clad temperature modeling analysis. The dash-dot curve at the top in
Figure 7 shows tiie expected peak clad temperature when all the 1-o changes of
fuel-related parametera combine statistically. The curve is drawn for the 1-o j

uncertainty in gap conductance of 46%. The intermediate dash curve is drawn j
for the gap conductance uncertainty of 35% as proposed by Lassmann and

i

Hohlefeld (18]. No attempt is made to assign tonfidence limits to these peak
clad temperature uncertaintics as these limits are the subject of an ongoing i

effort by the USNRC.

:

|
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Figure 7. Peak Clad Temperature Change Due to Uncertainties i'n
Fuel-Related Parameters

However, as before for stored energy, the peak clad temperature dif fer-
i

ences given in Table 6 can serve, along with their corresponding parameter
changes listed in Table 5, to estimate the sensitivity of peak clad tempera-
ture on each of the fuel-related parameters. Finally, one can recognize the i

order of importance for the parameters concerning their ef fect on peak clad j
temperature; the order is the same as for fuel stored energy, as far as the
three ast important parameters are concerned. Notice that in this ordering
the chs .ge of peak clad temperature due to a change in convective heat trans-
fer coefficiant should be divided by four because the coefficient is expected
to change in the range f rom -5% to +35% , while the dif ference in peak clad,

temperature was obtained for -20%, as shown in Table 5.

Notice in Figure 7 that the clad temperature peaks without recovery of
cooling due to droplet inj ection. This confirms the conclusions reached be-
fore for Figure 3, but now also for boundary conditions which approximate
those computed by TRAC-PF1/ MOD 1.

3.4 Effect of Hydraulics Parameters on Peak Clad Temperature

In this section are presented the results from transient fuel temperature
calculations carried out with limiting step changes in boundary conditions for
the purpose of ansessing the effects on peak clad temperature from (i) changes

J in heat transfer coefficients, (ii) delsy of the time when DNB or dry-out
occurs, and (iii) delay of the time when scram is initiated.
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The Effect of Heat Tratis f e r Coefficients can be seen by comparing the
curves for outer clad temperature, Tw(T), in Figures 8 and 9. These curves
were computed with all parameters in Table 5 at their nominal values, with
fission power as described by Eqs. (67), with the coolant temperature T. as
specified by the first of Eqs. (63a) and (64a) and with

240.05 kW/(m K) for 0 i t i T'h =
c

2h = 227.1 W/(m K) for t' f r f 4s in Fig. 8
c

256.8 W/(m K) for t' f T f 4s in Fig. 9=

The lowest value of he computed during blowdown by TRAC-PF1/ MOD 1 is 880.5 W/
(m K). This is for singic-phase, turbulent vapor flow, with* the velocity2

of 4.62 m/s, at the pressure of 81 bar and the vapor temperature. of 666.2K.
Turbulent free convection by dry vapor would represent the pessimistic extreme

2in velocity _ calculation and produce 164 W/(m K). Thus, the heat transfer co-

efficient h used for Figure 8 is slightly more than 1/4 of the minimum TRAC-e
computed value; in Figtire 9 it is -1/15, and even only -1/3 of the free
convection value. This is extremely low.

i

The clad temperature peaks in Figures 3 and 8 reaches its asymptotic val-
ue Tw(=) from above, in Figure 9 it approaches its asymptotic temperature from
below. The clad temperature is limited by vapor cooling; a maximum occurs
when the asymptotic wall temperature

T(=)=(T),,x+Rf<qjebay>f 2R,6 ) min] (09)
y y c

is below the initial mean pellet temperature C (o))f, wheref

(T ),,g maximtsa vapor temperature=
y

pellet radiusR =
g

outer clad radiusR, =

<qj'',y>g decay power density in pellet=

(E ) ,1, minimum heat transfer coefficient=
c

Early arrival of liquid can turn down the clad temperature only if the heat
transfer coefficient is unrealistically low or if the liquid arrives unrealis-
tically early.

*Dittus-Boetter, N 8,000, N = 1.12.=
Re pr
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The Effect of DNB or Dry-Out Delay is shown also in Figures 8 and 9. The de-
lay t' is measured from break initiation es shown in the top sketches'of Fig-
ure 8 and 9.

Any delay in DNB or dry-out delays the temperature rise (hor.lzontal shif t
of curves) and the peak by approximately the same amount t'. Moreover, any
such delay reduces also the peak (vertical shif t of curves), because extended,

coolic; of the clad under pre-DNB conditions reduces the stored energy in the
fuel prior to the temperature excursion.

IThe Effect of Scram Delay relative to the appearance of DNB or dry-out is '

shown in Figure 10. The three curves are obtained with t' 0.2s in Eqs.=,

(63a) and (64a) . The middle curve is obtained with the fission and decay
power history described by Eqs. (67) with f. " 0.2s, the top and bottom=

curves, respectively, with t" = 0.3s and 0.ls.

An advance in scram initiation reduces the peak clad temperature by ap-
proximately 300 K/s, while a delay of scram initiation increases the peak clad-

' temperature by approximately 120 K/s.
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3.5 Concluding Remarks

The above effects from variations in heat transfer coefficient in DNB or
dry-out delay and scram delay include all ef fects f rom hydraulic and system-
related parameters on the blowdown peak clad temperature, because droplet
cooling is unimportant under realistic blc.::dv conditions. The effects from
systematic modeling errors (cf. Section 2.8.3) M puok clad temperature uncer-
tainty is not ynntified here, bec.use tiie necessary modeling documentation
for TRAC-PF1/ MOD 1 is not availsbla. At this rice,

Confidence limits for peak clad temperature will be developed in an on-
going USNRC project. The work will be extended f rom blowdown to reflood peak
clad temperature.

4. Conclusions

The analysis presented here leads to these major conclusions:

1. The peak clad cemperature during blowdown is limited by ef fective
single-phase vapor cooling to less than 880K.
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2. The blowdown clad temperature peaks, under all credible circum-
stances, before the arrival of liquid droplets in the core. Therefore, the
peak clad temperature during blowdown is not affected by reactor loop charac-
teristics (break flow or pump degradation). It is governed instead by fuel
stored energy or, equivalently, by linear heating rate. It depends only
slightly on vapor velocity which affects the convective heat transfer coeffi-
cient after DNB or dry-out.

3. Fuel stored energy and peak clad temperature during blowdown depend
primarily on three fuel-related modeling parameters, with this order of signi-
ficance: gap conductance, power peaking f actor and fuel thermal conductivity.
Uncertaintites in stored energy and blowdown peaking factors are affected pri-
marily by the uncertainties in these three parameters and potentially by sys-
tematic modeling errors in predicting these three parameters.

4. As a result of conclusions 2 and 3, blowdown peak clad temperature
measurements are not affected by scaling distortions outside the reactor core
(in downcomer, pumps, steam generators, etc.). Since test facilities with
nuclear fuel (LOFT etc.) have full-scale fuel pins from the view point of
transient radial conduction, it can be stated that blowdown experiments with
nuclear fuel yield the blowdown peak clad temperature without scale distor-
tion.

5. The expected uncertainty in fuel stored energy is found to be 26%,
based on 1-o uncertainties in all governing parameters. Based on the same
parameter uncertainties, the blowdown peak clad temperature has an uncertainty
of 42K (1-o level).

6. Based on its published documentation, the TRAC-PF1/ MODI computer
code has systematic modeling errors in fuel thermal conductivity, gap conduc-

.tance and convective film coefficients. The first two errors compensate dur- '

ing steady-state, but not during transient calculations. The third error ap-
plies only to two phase flow and heat transfer conditions. Additional docu-
mentation is needed to quantify the effects on peak clad temperature from
these errors.

i
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ABSTRACT

Experiments showing the frequency and amplitude of the flow induced
motion of the gate for a two and a four inch swing check valve have I

,

been performed. The gate motion is due to turbulence in approach I

fl ow. We have found the dominent turbulant frequency of the I

approach flow is about half the natural frequency of the valves.
The valves appear to be almost critically damped. Because of this,
the values respond almost as they would to a static force of the
magnitude characteristic of the turbulent fluctuation in the flow.

Both the dimensionless exciting force and the damping ratio have
!been found to be independent of valve size so the above statements i

are true for larger valves also.

The valve oscillation amplitudes and frequencies are used to
calculate the wear at the shaft and at the stop. For an unpegged

check valve, such as one of the 10 inch valves which was used ag/San Onofre, we found that shaft gear would am^unt to .27 inches
year and stop wear to .03 inches / year.

,
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INTROD'JCTION

The check valves found in one of the feed water lines of the San Onofre
plant leaked during a recent transient (1). The leakage allowed steam to
enter the feed water lines so that when the feed water pump was turned on,
steam was condensed very rapidly and a water hammer occurred. This has caused
an extended outage for that plant.

The valves failed because the plant had operated at part load for more
than a year and the gates on the check valves were swinging free or tapping.
This csused the cotter pins holding nuts on the studs to break (See Figure 1)
allowing the nuts holding the gate to the ann to back off resulting in several
modes of failure. The modes of failure included the following:

1. The nut backed off completely and the disc fell to the bottom of the
valve.

2. The nut backed off far enough so that one of the anti-rotation bars
jams under the arm and the valve cocks. The valve then fails to seat
properly.

3. The disc turned, wearing the stud off so the disc fell to the bottom
of the valve.

All of these failures can, and should be eliminated by adopting an intregrai
disc and arm assembly, such as the Atwood-Morrill design illustrated in
Reference' 2, and operating the plant so that the valves are pegged as much of
the time as possible. When a design of this kind is acepted the remaining
kinds of valve failure are due to wear at the shaft and wear at the stop or

gate where the gate impacts the stop.

Volve So# met

/. .

N\\\\\\\\\\\S
N -Volve stop'

h

Arm

Anti Relation Hub - a stud NulS Pm

[ . . !-._

Closure Disc -m

1 1 1

volve sody

Figure 1 Typical swing check valve. Reference 1.

.
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Some part load operation is inevitable during startup or during sometransielts. At this time we have no way of estimating how much valve wear )
i

occurs during part load operation, nor do we know how to set up an inspection
prograrr so we can rest assured that valves will not fail between inspections.
The wea- calculation procedure described in this paper addresses both these

!probl ee.s .
I

In this paper we shall start by giving the fomulas used to calculate !

sliding wear (for the shaft / bearing surfaces) and impact wear (for the gate /
stop surfaces). To evaluate both kinds of wear it will soon become evident
that we will need a method of calculating the amplitude and frequency of the
flow induced vibration of the gate. Experiments perfomed on the two and the
four inch check valves will be described and the results presented. We will
then show how these results can be usea to calculate the frequency and
amplitude of these oscillations. We shall also show that, in dimensionless

i

tems the oscillations are independent of valve size so that we can use the
results of these experiments to predict oscillations in larger valves.
Finally a valve wear calculation procedure will be summarized.

|

CALCULATING SLIDING WEAR

Reference 3 gives a method of calculating adhesive wear which is the kind of
wear which occurs when one surface slidet over another. The formula is asfollows:

F
AV, = K, p al (3)

In this equation F is the normai force, al is the distance traveled, P is the
penetration hardness (in units of pressure) and K, is the adhesive wear
coefficient. For clean, similar surfaces:

K, = 5 x 1L ' (dimen sionless) z3,y

A force balance on the gate of a check valve (see Figure 1.) will allcw us to
estimate the normal force F . The distance traveled must be obtained by
evaluating the angle traveled through and the frequency of oscillation. Doing
this for an amplitude of ( Smo, - 8 min ) for the gate of a check valve, we
obtain:

=2( **'[ "'" )2xr,w (2)

The factor two in equation (2) is there because the valve travels the full
amplitude twice in each cycle. In equation 2, r, is the shaft radius because
this is the radius at which the contacting surfaces act.
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Combining equations (1) and (2) we obtain:

AV F 2(9ma, - Gmi,)a

_ g'37- "*"At 360

Let us now look at impact wear.

CALCULATING IMPACT WEAR

Reference 4 gives an expression for impact wear:

A V'- I

-= Kg pw (4)

In this equation, I is the kinetic energy of impact, W is the rate at which
impacts occur, P is the penetration hardness and K; is the dimensionless wear
coefficient. Its value is:

Kg = 1700 x 10-8 (4a)

We can estimate the kinetic energy of impact by using the average
velocity of the center of mass of the gate over the cycle. In doing this we-
are slightly underestimating the kinetic energy by omitting the rotational
component but slightly overestimating it by using the velocity of the center
of mass of the disc rather than the disc and arm. The kinetic energy then is:

I= (m - )(2 "'" 2rRw)2 (5)
**

Combining equations 4 and 5 we obtain:

AVs _ K4(m - ?)( (emo, - e g,) 2xRw),m
At - 2P 360

(6) |
.

.

I

fr

I &

'
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The wear coefficient is given in reference (4). It is:

Kg = 1700 x 10-8 for steel
(6a)

Kg = 900 x 10-e for brass (6b)

It is clear from examining both equations (3) and (6) that to calculate
the wear we need the angle through which the gate swings and the treguency ofswinging. Determining these quantities is the main goal of this work.

EXPERIMENTS

A two inch and a four inch check valve were set up to determine the frequencyand amplitude of the oscillations. The basic experiment is shownschematically in Figure 2. Light was shinned through the pipe and what was
transmitted was picked up by the photo cell at the left of Figure 2.
of pipe before the check valve which was greater than 8(L/0)'s was used toA length
insure that the flow was fully developed. Reference 5 reports a figure
(reproduced bere as Figure 3) which shows the regions of operation of checkvalves.
developed flow. The details of the apparatus and running procedure used toL/D greater than 6 is sufficient to give behavior typical of a fullydevelop this figure are available in reference 6. The apparatus wasessentially the one illustrated in Figure 2.
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Figure 2 Schematic of the test setup.
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Figure 3 Regions of check valve operation. Reference 5.

A sample of the data as recorded digitally on an IBM PC AT with
Unklescope softwear (6) is shown on Figure 4a. As recorded, it includes some
120 Hz noise due to flicker in the light source. When passed through a 15 Hz
filt.er, the tr3ce is as shown on Figure 4b.
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Figure 4a Raw data from photo-cell output as voltage.
4" valve at 6.6 ft/sec.
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Figure 4b Fi!tered data showing average, maximum and minimum gate
angles observed for this valve. 4" valve at 6.6 ft/sec.

We looked at a variety of methods of treating these data. We considered
using a power spectral density and random vibration framework. We also looked
at using a fast Fourier transform plus Hanning window to determine dominant
frequency. We finally settled on using the measured distance traveled from a
set of data, such as illustrated in Figure 4b, plus a frequency determined by
counting the number of crossings of the average value over the time interval
shown in Figure 4b. Conceptually the method chosen is the simplest. The
results of all three methods were practically the same. The frequency data is
shown in Figus e 5.
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Figure 5 Valve natural frequency as a functiori of flow velocity.
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In order to determine the amplitude of oscillation from Figure 4b, a
calibration was needed. This was done by screwing a long bolt through a
plastic bonnet (replacing the brass or steel one that came with the valve) and
noting when the gate just cleared the bolt when it was oscillating, we then
extended the bolt until the gate was just pegged. These positions were noted
and the deflection angles 8 and 8 min calculated from the geometry. Themu
average value of the trace was determined from a subroutine accompanying the
softwear used to take the data.

Another set of experiments was run to see if we could determine,
experimentally, the dynamic properties of these valves when there was water
running through them. We would need these to predict whether a resonance was
present in the valve of interest over the operating range. This experiment
consisted in partially forcing the valve shut with a wire inserted through a ,

small hole in the plastic bonnet and then quickly withdrawing it. If the
'

valve was underdamped there should have been a distinct overshoot. None was
observed. The valve would go promptly to its approximate equilibrium
position and start oscillating normally. The valve appeared heavily damped
but not so heavily damped that a time period that was greated that one cycle
in duration was needed to allow the valve to assume its fully developed
oscillation.

EXPERIMENTAL RESULTS

Two quantities are needed to calculate wear, an amplitude and a
frequency. The measurements of amplitude and frequency were made as described
and are presented here in Figures 6, 7a and 7b. Figure 6 shows how the
measured frequency increases with flow velocity while Figures 7a and 7b shows
how the measured amplitude changes with flow velocity for both the 2 and the 4
inch valves. In the next section we will show how the theoretic.31 lines on
these figures were placed.

CALCULATING THE FREQUENCY OF GATE OSCILLATION USING
A SIMPLE, LINEAR SPRING - MASS MODEL

The natural frequency can be calculated as:

w, = L( K,aff g
2r m,ff (7)

,
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(8)
m,f f = (m - )+ pr3

)
The effective mass includes the mass of the gate itself plus the induced mass
of water. Reference (8) suggests, for a translating disc in a large pool of
water, the value give in equation (8). This is obviously not quite right as
the disc is oscillating around a shaft while suspendred in a pipe surrounded by
flowing water. It is, however, a reasonable approximation.

The effective spring constant for a disc held at equilibrium by a jet of
|fluid is determined in reference 2. The hydraulic force on the disc is: '

F = KpAV' sin *G
z9y

The spring constant is obtained by differentiating (9) (the details are in
appendix A) which results in:

f(p A3'' sin 29
f(stift = g

(10)
,

where the recommended value for K is: >
3

<

K = 2.21 (dimensionless)
(104)

:

,

1
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As the velocity through the valve decreases, the angle 6 increases and the
valve's natural frequency approaches that of a pendulum. Valves are rarely
operated for.any length of time at such a low velocity. The extrapolated

| curves on Figure 6 show this extrapolation however.
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Figure 6 Comparison of natural and forcing frequencies.
la - Natural frequency, 2" valve.
2a - Forcing frequency, 2" valve.
Ib - Natural frequency, 4" valve.
2b - Forcing frequency, 4" valve.

FORCING FREQUENCIES AND AMPLITUDES

The turbulent fluctuations in the flow drive the oscillations of the
valve. From an examination of these data and the infonnation given in
reference 10 the recommended equation for calculating the frequency is given
in equation (11):

(0.04)V
Weddy -

'P (11) |

i

The amplitude of these velccit.v fluctuations is about 67, of the velocity |
in the pipe. That is:

AV = Velocity Fluctuation = (0.06)V
(12) )

|

|
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In order to convert this fluctuation velocity into a fluctuating gate angle,
it is necessary to do a force balance on the gate. This has been done in
reference (2) and the result is as follows:

di"8=((W L)bg)
gpay2 (13)

The range of angle swung through is detennined by substituting the maximum and
minimum values of the velocity:

~ # (14) I

ain#"*"'" = ( KpA(V!aV)2)I

We are now in a position to calculate the natural frequency and
fluctuation amplitude for the two values tested here. The results are shown
as lines on Figures 6, 7a and 7b. In the higher velocity range where the
valves are most likely to operate when the reactor is at part load, the
natural frequency is about twice forcing frequency.
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DISCUSSION OF VALVE DYNAMICS

Appendix A presents a scaling study of check v-alve dynamics. The result
of this study is that, in dimensionless terms, the operation of small and
large valves is the same. That is, if the dimensionless fluctuation amplitude
for the gate on a small valve is plotted versus the dimensionless forcing
frequency for the appropriate damping ratio, the operating point for a
geometrically similar, large valve will plot on the same point as the small
valve.

SUMMARY

Equations (3) and (6) allow us to calculate the wear on the shaft and the
impact points respectively. The unknowns in these equations are the angle
swept over by the gate ( Smo,- 8 men ), the frequency w . The angle swept out
by the gate can be calculated from equations (14) and (12). The frequency can
be detennined from equation (11).

Relating the amount of wear to a valve failure involves looking at a
variety of possible f ailure modes and seeing ,,hether the calculated amount of
wear could have caused a failure to occur. For instance, shaft wear could
allow the valve to drop far enough so it doesn't seat ~ properly. Wear might so .

'

thin the shaft that it breaks. Both these failure modes are possible.
However, we cannot check them here without further details on the valve
geometry.

Similarly, wear at the stop could so change the geometry that the valve
won't peg at the design velocities even though it is operating at its design
velocity. Alternatively, for some designs, the tapping could thin the valve
body so much that the body would be in danger of rupturing. Again more detail
of the valve geometry is needed in order to check these possibilities.
Reference 3 gives a recomendation on how to calculate the amount of material
removed if the contacting materials do not have the same hardness.

i

|
|

|

|
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APPENDIX A

SCALING THE DYNAMICS OF SWING CHECK VALVES

INTRODUCTION

The cost and complication of testing check valves increases very rapidly
with size. There are, therefore, strong incentives to do testing ori as small

,

a scale as possible. In this Appendix we shall look at how the dimen;;ionless |
amplitude and frequency of oscillation of the gate on a check valve va-ies {
with the size of the valve. We shall assume the valve is experiencing 0 small '

sinusoidal excitation due to the turbulent flow of a liquid passing through
it.

The two variables we are concerned with are the dimensionless forcing
)frequency:

?--w =
Wa (A-1)

and the damping ratio:

6

2VXm (A-2)

That is, if we specify these two variables on a plot such as figure A - 1, we
can identify an operating point. The question we ask is how does that
operating point move as we change the size of the valve?
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Figure A-1 Response curve for a linear, single degree of freedom oscillator,
excited by a sinusoidally varying force.
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DIMENSIONLESS FORCING FREQUENCY ,

!

The undamped natural frequency for a linear, single degree of freedom |
system is, from equation (7). j

v, = 1(#*8'// ) }
2r m,// (A-3)

From equation (9) we can determine the effectiveness by differentiating
the force - deflection relation Equation (10), that is:

JF KpAV'2sinecose
K,seff = rdo R (A-4)*

Recalling that the angle 8 must be the same for two similar valves operating
under hydraulically similar conditions, we can say (using " r " as a
characteristic dimension) the stiffness varies as follows:

sr y2
K,eeff oc (A-5)

-

because K , p , and 6 are all constants.

The velocity in equation (A-5) varies with size. Solving equation (13)
for V allows us to find out how it varies. The result is:

V = ( (W L)6g )I (A-6)
2

KpAsin 02

in equation ( A-6), b , g , K , p , and e are all constants so:

3

(h)I ocrlV oc
(A-7)

Substituting equation (A-7) into equation (A-5) we obtain:
I

,
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Now the mass is proportional to the density of the metal and the volume
of the valve. However, as density is a constant, we can write:

3
m,ff a r

(A-9)

Similarly, the forcing frequency is determined by the rate at which the large
vortices shed upstream of the valve pass by the gate. From equation (11) this
has been found to be:

w = (0.04)( ) (A-10)
P

In other words:

V 1

7*d (A-11)
* *

Substituting equations (A-3), (A-5), (A-7), (A-8), and (A-10) into (A-1)
yields the scaling law for the forcing frequency:

W(g )i " ( )5 = 1W* " " *

(A-12)j

That is, there is no effect of size on the dimensionless forcing frequency.

THE DAMPING RATIO

We extract the damping ratio from the relation for the fluid drag on a
disc. For a disc moving back and forth in a check valve we can say:

Fs = Co(pV3 )A
(A-13)

By definition, the damping coefficient is obtained by differentiating this
expression:

dFs
dV " "#"

-

(A-14) j
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C and p are constants so:
D

6 oc Vr2 rir2 oc 7 { (A-15) !oc

From equation (A-2) we can say:

6 rl
(r r )I = 1 (A-16)

a
( = 2(K,uff m,ff)I 23

|

So the damping ratio is also independent of valve size.

This is a very useful result. It says that, in dimensionless terms, the
dynamic behavior of check valves is independent of their size. The check
valves which we have looked at both have an operating angle which is given by
equation (A-6). In adition, Reference (9) compares valves from a variety of
manufacturers and finds a single value for K is sufficient to describe them so
it appear this is a general result. As these valves are excited at about ' half
their natural frequency, they respond as they would to a static force of the
magnitude of the maximum of the fluctuative force. No resonance behavior is
observed or expected. See figure A-1.

:

i
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RESULTS OF TWO-PHASE NATURAL CIRCULATION IN ||0T-LEG
U-BEND SIMULATION EXPERIMENTS

M. Ishii, S. Y. Lee and S. Abou El-Seoud

Reactor Analysis and Safety Division
Argonne National Laboratory

Argonne, Ill. 60439

ABSTRACT

In order to study the two-phase natural circulation and flow
termination during a small break loss of coolant accident in LWR,
simulation experiments have been performed using two different
thermal-hydraulic loops. The main focus of the experiment was the
two-phase flow behavior in the hot-leg U-bend typical of B&W LWR
systems. The first group of experiments was carried out in the
nitrogen gas-water adiabatic simulation loop and the second in the
Freon 113 boiling and condensation loop. Both of the loops have
been designed as a flow visualization facility and built according
to the two-phase flow scaling criteria developed under this pro-
gram. The nitrogen gas-water system has been used to isolate key
hydrodynamic phenomena such as the phase distribution, relative
velocity between phases, two-phase flow regimes and flow termina-
tion ~ mechanisms, wheraas the Freon loop has been used to study the
effect of fluid properties, phase changes and coupling between
hydrodynamic and heat transfer phenomena. Significantly different
behaviors have been observed due to the non-equilibrium phase
change phenomena such as the flashing and condensation in the Freon
loop. The phenomena created much more unstable hydrodynamic
conditions which lead to cyclic or oscillatory flow behaviors.

I. INTRODUCTION

In many cases, it is not practical to use full-scale testing for studying
thermal-hydraulic phenomena. It is particularly so for analyzing the behav-
iors of nuclear reactor systems under abnormal operations or accident condi-
tions due to safetv reasons and high cost. The severity of the accident that
occurred at Three Mile Island Unit-2 plant has increased interest in correct
scaling of transient two-phase flow phenomena. In view of this, new scaling
criteria for a two-phase system have been developed on a perturbation method
applied to the system of governing equations by Ishii et al. [1,2]. This
criteria has been used [3,4] to evaluate the design parameters of the new 2x4
simulation loop under the MIST program (5). The extensions of the criteria to
the pressure scaling as well as the fluid to fluid scaling have also been
studied in detail [6). In view of certain scaling difficulties and scaling
<jistortions in the integral facilities [5,7], a supporting experimental study
to investigate the two-phase natural circulation, hot-leg U-bend two-phase
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flow behavior and associated scaling problems has been carried out at Argonne
National Laboratory.

The major issues addressed under this program are as follows:

Natural circulation interruption and resumption.
Hot-leg two-phase flow regimes and regime transition.
Void distribution and relative velocity between phases.
Flow instability phenomena which may trigger loop-to-loop
oscillations.

(5) Any particular thermal non-equilibrium phenomena which are important
for natural circulation.

(6) Overall scaling effects in terms of geometries, pressure and fluid
properties.

It is noted that in the prototype system, the diameter of the hot-legs is
about 90 cm and the length to diameter ratio is relatively small at about
20. This indicates that the two-phase flow in the hot-leg can be quite
different from the standard small scale experiments. There is a great
uncertainty in describing the flow because the conventional two-phase flow
models and correlations are developed based on small diameter and large length
to diameter ratio system experiments. In view of this, the two-phase flow in i
a hot-leg is studied in detail through experiments in two different flow I

visualization loops in the present program.

II. NITR0 GEN-WATER H0T-LEG U-BEND SIMULATION EXPERIMENTS

A. Description of the Experimental loop

Previously, the experimental results obtained from the nitrogen-water
simulation loop using 5 cm (2") diameter glass pipe for the hot-leg have been
reported (8,9). Recently extensive experiments have been carried out in the
loop with a new test section having a larger hot-leg diameter of 10 cm (4").
The loop was designed to simulate the part of the B&W 2 x 4 loop nuclear
reactor system, see Figs.1 and 2. The scaling criteria developed under the
present program [3,4,6] have been used for this purpose. The basic scaling

[

characteristic of the loop is given in Table 1. As shown in Fig. 2 this two-
phase flow loop consists of the bubble injection chamber simulating the core,
10 cm 10 riser, inverted U-bend, gas separator simulating the once through
steam generator, and cold-leg return. The bubble chamber, riser and U-bend
section were made of Corning Pyrex glass tubes arid fittings, whereas the gas

| separator was made of plexiglass. The riser (hot-leg) height was 5.13 m. The

| radius of the U-bend was 25 cm. However, the loop was designed such that the
U-bend radius, hot-leg height and inlet geometry could be easily changed toi

I study the parametric effec'.s.

To model the steam / water flow in an actual LWR, in this experimental
facility the tested fluids were nitrogen and water, working as the vapor phase
and liquid phase, respectively. The gas was injected into the riser through
nozzles which were made of stainless steel tubes, having a nominal 0.015 cm
I.D. and 0.03 cm 0.0. These 621 nozzles were molded into an epoxy plate which
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Table 1. Typical Hot-Leg Natural Circulation Condition |

Corresponding to Prototype 2% Power at 4.7 MPa !

(680 psi) and 260*C (500*F)

|
.

N -Water Loop RatioPrototype 2

D(m) 0.915 0.102 1/9

2
A(m ) 0.658 0.00817 1/81

L(m) 20.74 5.5 1/3.7

3
V(m ) 13.65 0.0448 1/300

Single Phase

uf (m/sec) 0.88 0.45 1/1.93

(sec) 23.5 12.2 1/1.93t

2 Phase Flow

jg (m/sec) 1.07* 0.55 1/1.93

jr (m/sec) 1.95* 1.0 1/1.93

Quality 0.017 6.2x10~4 1/27

Void Fraction 0.273 0.264 -1

o 0.0237 0.00114 1/21g

of 0.786 1.0 1.27

* Depends on liquid subccoling and reactor core vent value
bypass flow. No subcooling and no bypass flow case shown.

was held by a plenum at the bottom of the riser. The gas flowrate and pres-
sure were measured between the plenum and the gas accumulator. Downstream of
the U-bend, there was a separator where the gas was vented to the atmosphere
from the loop through a valve. This separator, made of transparent plastic,
was 91 cm high and 20 cm in diameter. Above the separator, a bellow type
flexible coupling was used to reduce the stress on the glass test section.
Beneath the separator, there was a 60 cm long glass tube through which en-
trainment of gas phase into the cold-leg was monitored. Beyond this point, a
plastic tube of 5 cm in diameter was used instead of a glass tube since single
phase flow could be expected. In the downcomer (cold-leg) section there was a
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friction control valve which could be used to alter the loop frictional
resistance. Furthermore, a liquid flow meter was installed in the horizontal
section of the cold-leg with a sufficient straight entrance length. This flow
meter iss a paddle wheel type with magnetic pick-up and has special character-
istics of very low pressure drops. In the riser section, six pressure taps
were installed for measurement of the differential pressure at five loca-
tions. These pressure taps were made of brass plate. A small hole of approx-
imately 0.4 mm in diameter was drilled to treature the pressure. At the low
flowrates of interest to this experiment, these pressure taps give accurate
void fraction measurements through differential pressure transducers because
the frictional losses are negligibly small.

In order to study the effect of hot-leg inlet geometry on the two-phase
flow regimes and flow interruption two different inlet sections were used, see
Fig. 3. The first type had no horizontal hot-leg section to force the inlet
flow to be in a bubbly flow. The latter had a short (50 cm) horizontal
section.

B. Range of Flow Parameters

Generally, this experiment was conducted on the basis of three varying
parameters; they were gas flowrate, friction valve opening and water level in
the separator. Also, in order to study the effect of vapor phase at inlet
section on the flow regimes and flow interruption, straight inlet and elbowed
inlet sections were tested, see Fig. 3. The table below lists the ranges of
parameters in this experiment.

Table II. Ranges of Parameters for N -Water Experiments
2

Gas Volumetric Flow 0 - 20 cm/sec

Friction Control Valve Opening 1, 1/4, 1/8

Separator Water Level 25 cm, 50 cm, 75 cm

Horizontal Section Length 0, 50 cm

C. Natural Circulation and Flow Interruption

In general, the induced liquid natural circulation rate decreases with
the decreasing gas flow rate, see Figs. 4 and 5. As the gas flow rate de-
creases further, eventually the liquid circulation rate becomes zero corre-
sponding to the flow interruption. When the permanent flow termination
occurs, the two-phase level in the hot-leg stays at or below the lower surface
of the top of the U-bend. Due to the insufficient hydrostatic head difference
between the hot-leg and cold-leg, the two-phase level cannot rise to flow over
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the U-bend section, thus there is no carry-over liquid flow. Only the gas
phase is transported over the U-bend. Two-phase flow oscillations are
relatively mild compared with the experiments with 5 cm I.D. hot-leg.

Besides the permanent flow interruption discussed above, intermittent
flow interruptions have also been observed in the slug or churn turbulent flow
regime. As a large slug bubble passes over the U-bend, the section is tempo-
rarily voided and the liquid carryover flow becomes very small. However, with
the passing of a liquid slug, the carryover flow is fully recovered. The
liquid natural circulation rate measured by the flow meter in the cold-leg

' return shows that the flow is quite steady and not much influenced by the
_ intermittent carryover at the U-bend. It appears that the liquid mass has

sufficient inertia, thus the total liquid flow is not sensitive to the dis-
turbances caused by each slug bubble. The time scale of the intermittency is
about 1 see whereas the flow oscillations have a period of approximately 20
sec. Thus it can be concluded that these two phenomena are not related. :

.
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The intermittent flow interruption does not lead to the pern:anent flow
termination. This indicates that the phase sepsration in the U-bend is not
the cause of the permanent flow temination. The present experiments .have
demonstrated that the natural circulation termination occurs when there is

! insufficient hydrostatic head in the downcomer side. As long as the two-phase
flow continues, flow can be reestablished. This points to the importance of
the thermal center in the once-through steam generator and the void fraction
distribution in the hot-leg.

In the new 10 cm I.D. hot-leg experiments, the horizontal section also
induced slugging phenomena due to the flow stratification and 90* turn. j;

However, much more turbulent behaviors have been observed in the 10 cm I.D. |

care in comparison with 5 cm I.O. cases. The initial large slug bubbles tend
to disintegrate into smaller cap bubbles. Thus the two-phase flow regime at'
the bottom of the vertical hot-leg is the churn turbulent flow with many cap i

bubbles. However, the disintegration of the slug bubbles is not complete and
the hot-leg flow regime is strongly influenced by the inlet slugging. In the i

down stream, a transition to the slug flow has been observed. This transition
occurred at the lower gas fluxes and at lower height in comparison with the
straight inlet cases, see Figs. 6 and 7. Since the relative velocity between
phases strongly depends on two-phase flow regimes, the . inlet geometry has

; significant effect on the hot-leg void fraction and the natural circulation
J rate, see Fig. 8.

D. Effect of Separator Water Level (Thermal Center)

' The induced liquid flow rate increases with the increasing water level in i
the separator at a fixed gas flowrate and fraction valve opening, see Fig. .

4. The vertical distance between the U-bend and the bottom of the hot-leg is I

fixed, thus an increase of water level in the separator results in an increase ;

of the hydrostatic head in the downcomer. Since the natural circulation is ;
induced by the static head difference in the hot-leg and cold-leg downcomer, ;-

the circulation rate increases with the level, j

The induced liquid flow rate depends on the separator water level, fric-
tional loss along the loop and void fraction distribution in the hot-leg. The
gas flow at the flow termination is reduced as the water level in the separ- ,

ator increases. Thus the flow termination condition conforms to the general ,

parametric dependences of the natural circulation rate. This shows that at t
: higher water levels, less gas rates are required to induce the same liquid !

fflow rate.

E. Effect of Frictional Resistance :
i

!
I The changes in the frictional resistance nf the test loop was achieved !

through adjusting the opening of the gate valve with a diameter of 5 cm. The
openings of the gate valve was varied over fully,1/2,1/4, and 1/8 open in j

tems of the valve stem rotations. For each position, tests were run with
three different water levels in the separator and two different geometries of4

the core exit section. It has been observed that as the friction valve
opening decreases (implying increases in the single phase friction resistance) |

,

4

!

;

,
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the induced liquid flowrate decreases, see Fig. 5. The extent of the effect
of the friction valve opening on the induced liquid flowrate also depends on
the separator water level.

F. Effect of Inlet Section Geometry

Two different geometries of a core exit section were tested to compare
their effect on the flow interruption and induced liquid flowrate. One had a
vertical inlet where the gas flowed vertically into the hot-leg as shown in
Figs. 2 and 3(a). Another one had a simple mixing chamber, horizontal section
and elbow, as shown in Fig. 3(b). The horizontal section had a length of 50
cm. An elbow of 90* was used between the vertical hot-leg and the horizontal !

section. The two-phase mixture of nitrogen and water flowed horizontally
through this section before entering the vertical hot-leg.

'

In the previous 5 cm ID hot-leg experiments [8,9] the hot-leg flow with a
horizontal section is always in the cap bubbly or slug flow regime. This is
due to the flow stratification at the horizontal section. The flow regime in
the horizontal section is either elongated bubbly flow or stratified flow with
a propagating interfacial wave front. The stratification occurred within
about one diameter of a pipe from the simulated core exit plane. 'However, in
general this length depends on the bubble rise velocity and liquid flux. At !

the elbow the horizontal two-phase flow is turted 90* into a vertical flow.

90



At this point quasi-periodic slugging occurred. This slugging produced either
cap bubbles or slug bubbles depending on the gas flux.

One of the most important effects of the inlet geometry is on the hot-leg
void fraction. The cases with the horizontal section showed much lower void
fraction than the straight inlet cases. This is because the bubbly flow tends
to persist in the straight vertical inlet cases. It is noted that the rela- |

tive velocity is higher in the slug flow regime than in the bubbly flow, thus |
at the same gas flux, the bubbly flow has higher void fraction thaa the slug
flow. According to a recently developed theory by Kocamustafaogullari and
Ishii [10], the maximum cap bubble size is about 40/o/gao. Thus for a verti-
cal pipe much larger than this value (~10 cm), the stable slug flow cannot be
sustained. Due to the irstability, the initial large bubbles should disinte-

,

grate into smaller cap bubbles of stable sizes. Thus the 10 cm I.D. experi- l

ments corresponding to the boundary between stable and unstable slug flows. l
. The experimental observation clearly showed this tendency of the instability '

! of slug bubbles, it is also noted that, as the void fraction increases, the
I slug flow with relatively deformed large slug bubbles can be observed in the

present 10 cm I.D. experiments. These results show that in the prototype
system with a diameter of 91 cm the slug flow is unstable in the vertical hot-
leg section. A typical flow regime should be a bubbly or dispersed cap bubble
regime. On the other hand, in the integral test facilities, the slug flow is
more stable. Thus both the diameter of the hot-leg and the inlet geometry
have significant influence on the flow regimes, void distribution and flow
behaviors.

i

III. FREON-113 BOILING AND CON'JENSATION LOOP EXPERIMENTS

A. Description of the Experimental loop
1

The overall loop schematic is shown in Fig. 9. This Freon-113 boiling j
and condensation loop was designed such that it could be operated either in a '

natural or in a forced circulation mode. The primary loop consists of the l

simulated core (heater section), hot-leg, U-bend, simulated steam generator
(condenser), subcooler, loop friction control valve, expansion tank and a
rump. The loop pressure is regulated by the pressure level applied to the
free surface in the expansion tank. The pressure at this point is maintained
close to the atmospheric pressure by two pressure relief valves for the posi-
tive and negative pressure cracking. Due to the hydrostatic head of the
liquid Freon-113 in the connecting tube of the expansicn tank, the pressure at
the simulated core is always above the atmospheric pressure, up to 159 KPa (23
psia). Basically, the two phase flow is generated by boiling of Freon-113 in
the simulated core and condensed in the simulated steam generator (condenser)
by using secondary loop for cooling. Freon-113 has a low saturation tempera-
ture of about 47'C at 1 atm. Thus the loop is operated at relatively low
pressures and temperatures. The components and sections involving two-phase
flow are all transparent that a flow visualization is possible. At present,
the loop is approximately 6 m in height with hot-leg inner diameter of 5 cm
and length of about 5 m. The transparent sections were made of standard
Corning Pyrex glass pipes and fittings. Other sections were made of copper
tubes, brass fittings and stainless steel components.
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! Fig. 9. Schematic of Freon-113 Boiling and Condensation Loop for Hot-leg
U-bend Natural Circulation Study
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1

|

|
The heat sink to the primary loop is supplied by the secondary Freon-113

loop consisting of the circulation pump, condenser coil (divided into upper
and lower sections to change the cooling conditions), heat exchanger cooled by
cold tap water and coils submerged in cold baths of anti-freeze (ethylene-
glycol) within a large chest-type freezer. The secondary loop is pressurized
to 0.28 HPa (40 psig) and the coolant is always in the liquid state. There-
fore, the thermal hydraulics of the secondary loop is not simulated in the
present facility. The secondary side simply acts as a heat sink to the
primary side in this design.

The simulated core is located at the bottom of the 5 cm I.O. hot-leg. It
was made of two Corning Pyrex tees of 10x5 cm size and a reducer of 10x5 cm.

.

The volume of the actual core, core internal geometry and vessel downcomer
were not simulated in the present desian. Th^ McGeleu f reon-113 enters 1

,

throuah t M M t2c bras h ana exits through the upper tee branch stretched |

to the opposite direction (see Fig. 9). Seven electrical rods (immersion type
heaters) of 0.95 cm 0.D. and 30.4 cm length with the maximum power of 600 '

Watts per rod are used as a heat source. This corresponds to the total power
capacity of 4.2 KW. The AC power is applied with two variac transformers for
the control of the power input. The loop reference absolute pressure is
measured by a Bourdon type pressure gauge connected to the top of the heater
section. A sheathed thermocouple measures the temperature of fluid (Freon-
113) inside the heater section.

The riser section which corresponds to the hot-leg was made of Corning |Pyrex glass pipes of 5 cm I.D. The total height of the hot-leg is 515 cm. '

The radius of the U-bend at the top of the loop is 15 cm. To measure the
differential pressure, five pressure taps were installed along the hot-leg.
The pressure tap plates of ring shape (5 cm 1.D. and 8.9 cm 0.D. with 1.3 cm
thickness) was made of brass witt a small hole of approximately 0.4 mm in
diameter drilled in radial direction (i.e., perpendicular to the flow direc-
tion). Each plate was installed between glass pipes and sealed with Teflon
gaskets (3.5 m thickness). The end of the pressure taps were connected to
the SENS0TEC dif ferential pressure transducers which were of strain gauge
wet / wet type with low sensitivity to liquid temperature changes. These dif-
fcrential pressure transducers given accurate measurements of the void frac-

;

tions in the hot-leg provided that the frictional pressure drop is negligible.

The steam generator is simulated by a simple coil condenser in a 15.2 cm|

| I.D. and 152.4 cm long Pyrex glass pipe. The condenser was made of nominal
1/4" copper tube with 40 turns of 13 cm coil 0.D. and 142.2 cm coil length.
The condenser is divided into lower and upper sections to use either the
entire coil or the upper half of the coil for condensation by simple valve

,

operations. The primary coolant flows outside the condenser tube. The
I secondary loop Freon-113 fluid flows inside the tube and cools the primary

fluid. Two pressure taps were installed at inlet and outlet of the primary
; side of the simulated steam generator to measure the void fraction (i.e.,
| liquid level). Below the simulated steam generator, there is a Pyrex glass

pipe of 5 cm I.D. and 152.4 cm length. Downstream of the pipe, there is a
subcooler made of concentric copper tubes of 2.5" (6.4 cm) and 2" (5 cm) I.D.,
respectively. The effective length of the subcooler is 117 cm. This
subcooler is also connected to the secondary loop for cooling.
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The horizontal section of the loop was made of 1" (2.5 cm) and 2" (5 cm)
nominal I.D. copper tubes connected in serio as shown in Fig. 9. The above
mentioned subcooler is followed by a 1" 1.0. section. A paddle wheel type
tufoine flow meter (SIGNET, MK515-P0) was installed to measure the liquid
circulation rate of the primary side at the 1" 1.0. horizontal section. It

covers 0-1.89 liter /sec (0-30 gpm) with an accuracy of 11% of the full
scale. This corresponds to a range of the hot-leg liquid volumetric flux from
0 to 96 cm/sec. This paddle wheel type turbine flow meter is designed to have
very little pressure loss and the accuracy is increased by reducing the flow
area to one-fourth of the hot-leg section. The 1" I.D. section is followed by
a 2" 1.0 copper tube section. This section has a friction control valve (2"
full port ball valve) to change the overall loop frictional resistance. In
parallel to this valve, the primary circulation pump with a bypass and the
expansion tank are connected.

The expansion tank of approximately 114 liters (30 gal.) is located near
the top of the loop and connected to the pump section side. This tank acts as
a pressure regulating device and absorbs t'.ie volume changes of the coolant due j
to boiling and condensation. It can be also used as a degassing tank to -

eliminate dissolved gases and moisture from the Freon-113 inside the primary
loop. For this purpose, two immersion type electric heaters (750 Watts per
rod) were installed near the bottom of the tank. This heater is used to boil '

Freon-113 in the tank, whereas the condenser at the top of the tank condenses
back the vapor of Freon-113. The air and moisture can be purged to the out-
side of the loop through the relief valve. The top of the expansion tank is

: connected to the discharge side of the primary pump. A filter is located in
"

the line. By using the primary pump, the coolant can be circulated through
this filter and the expansion tank to eliminate impurity from the primary
coolant. The primary side fluid temperature is measured at various key
locations (i.e., heater section, inlets of heater section and simulated steam
generator) by the immersion type sheathed thermocouples (T-type. Copper-
Constantan). The temperatures of the secondary loop Freon-113 at the two
inlets (for upper section and lower section respectively) and the exit of the
condenser coil are also measured by the imersion type sheathed thermocouples
(Type-T, Copper-Constantan). All the analog signals from the thermocouples,
pressure transducers and turbine type flow meters are read through the OASH-8
A/D board with two EXP-16 multiplexer boards and a STA-08 screw termination
accessory board into the IBM-PC/XT using LTN (Labtech Notebook) software.

B. Experimental Procedures

Experimental measurements were performed using the Freon-113 loop with
experimental parameters chosen as Table III. The initial conditions of the .

experiments for the primary side were I

(1) the single phase liquid state throughout the loop, I
|(2) no initial flow,

(3) an unifom temperature throughout the loop, |

(4) no cooling in the condenser (simulated steam generator). '

|

|
i

|
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Table III. Experimental Conditions

1

Experimental Parameters Conditions

Friction Control Valve Fu11-open.,l/4-open

Heat (Power) Input 1.3 KW, 2.2 KW

|
Secondary Loop Cooling High, Medium, Low and No Cooling

!

At the start of an experiment, a predetermined constant power was sup. ;

plied to the simulated core, then it was kept until to the end of the exper- 1

iment. The secondary loop was kept in the shutdown mode with no cooling to (,

the primary loop until the U-bend portion at the top of the loop is filled by ;
'

a substantial amount of the vapor. Then the subcooled liquid flow was initi- i

ated in the secotidary loop with constant flow rate to activate the heat sink
to the primary side. In the present test runs, the lower condenser coil and i

.

liquid subcooler were not used by closing the corresponding valves.

C. Global (Overall) Phenomena
.

'

As explained in the experimental procedure, the loop operation was
started by heating the liquid Freon-113 in the heater section with no initial
flow and secondary cooling. The secondary loop circulation pump was then
turned on when the primary loop was sufficiently heated, i.e., when a substan-

|tial amount of the vapor was accumulated at the top of the loop. During the ;'

experiments, several different loop-wise phenomena were observed as in Fig. '

10; the phenomena appeared to be very complicated, and depend very much on the
j experimental conditions. Here the typical loop-wise phenomena are going to be

explained with the corresponding figures.

At the beginning of the initial stage no loop-wise natural circulation of
liquid was observed. The hot liquid from the core simply built up the hot

; liquid column in the hot-leg by natural convections within it. This state
continues for a couple of minutes followed by the stable single (liquid) phase
natural circulation over a f airly long period (7-39 minutes depending on the
conditions , Region A-B in Fig. 10(a) and 10(d)). The loop-wise natural i

circulation started when a sufficient head difference was established between,

the hot-leg (riser section) and the cold-leg (downcomer section) return. When ',
'

the single phase natural circulation starts, the heater section temperature '

drops temporarily (Point A of Fig.10(a)) and increases gradually until the;

boiling starts. It was observed that the liquid flow rate was nearly constant
(Region A-B in Fig.10(d)). During this natural circulation, the vapor was'

slowly accumulated at the top of the loop which led to the termination of the
single phase natural circulation.

The termination of the single phase natural circulation was followed by
the boiling in the heater section, and the vapor started to accumulate at the

!

4

i
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space above the simulated core (heater section), which resulted in decrease of
the liquid level in it. Once the liquid level reached the horizontal outlet
of the heater section connected to the vertical rise of the hot-leg, the two-
phase flow was established in the hot-leg, and eventually led to the two-phase
natural circulation. Most of the vapor came from the vapor space above the
simulated core. At the bottom of the vertical hot-leg, slugging occurred due
to the flow stratification in the horizontal outlet of the heater section.
However, the slug or cup bubbles imediately disintegrated into the bubbly
flow. Initially, strong turbulent motions were observed and the bubble rise
velocity was relatively small due to strong coupling between the liquid and |

vapor. Near the bottom of the vertical hot-leg, the void fraction appeared to
be higher than the section above. (Compare the void fraction at Point C in
Fig. 10(e) - Fig.10(h).) Here the numbering of the axial sections corre-
sponds to the pressure taps in the hot-leg shown in Fig. 9. Thus at this
section, the flow regime was churn turbulent flow. Above this quite turbulent

i section, a typical bubbly flow was established up to the U-bend section.

| During this stage, a substantial amount of the vapor phase accumulated at the l

U-bend section, which might cause temporal flow terminations. The bubbly flow i

in the vertical hot-leg was maintained and the liquid level at condenser |gradually came down (Fig. 10(c)). At certain instances during this stage,
occurrence of sudden flashing at the upper part of the hot-leg were observed;
the main cause of this flashing appear to be the hydrostatic pressure decrease
along the hot-leg which results in superheating of liquid and pressure
fluctuations due to condensation in the simulated steam generator. Once the
flashing started, the two-phase flow regin changed from bubbly to slug flow
very rapidly, with the length of the slug bubble up to ~70 cm (Point 0 of Fig.
10(e) - Fig.10(h)). A slug bubble was generated by very rapid growth of a
nucleated bubble. Of ten, the bubble growth was so rapid that the flow could
not be accelerated sufficiently and the motion of the slug bubble slowed down
considerably. Several cycles of the slug bubble generation led to a very much
increased natural circulation rate (see Point D of Fig.10(d)). Due to this
increased flow rate, a considerable amount of subcooled liquid flowed into the
heater section, and resulted in complete suppression of the boiling (Point 0
of Fig. 10(a)); also the liquid level in simulated steam generator temporarily
decreases considerably (Point D of Fig.10(c)). This led to the termination
of natural circulation and the stagnant liquid was observed in the hot-leg and
the heater section. The vapor filled the upper part of the hot-leg and U-bend
section. The subcooled boiling started during this period and the whole
process repeated within a period of 4-15 minutes depending on the condition
imposed.

Cooling by the secondary loop can be started any time during the experi-
ment (Point E of Fig.10(b)). The condensation of the vapor accumulated at
the upper part of the condenser (simulated steam generator) results in reduc-
tion of the pressure in the hot-leg; thus promotes the flashing phenomena.
However, as pointed out earlier, the main cause of the flashing phenomena
appears to be the decrease of the hydrostatic pressure along the upward
direction inside the hot-leg.

As the cycles of the flashing continue (mostly for 3-6 hours), the whole
; flow phenomena may reach a certain quasi-steady state (Point F in Fig.

!
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l

10(a)-(h)); the secondary loop coil temperature reached a certain constant ,

asymptote (Fig. 10(b) and Fig. 11(b)) and the amplitudes of the peak values at
the primary side became smaller. Once this state is reached, the flashing

'

with large flow carry-over was not observed any longer, instead, the bubbly
flow, churn turbulent flow or small-scale slug flow maintained small intermit-

| tent flow carry-over through the inverted U-bend at the top of the loop.
Ouring this stage, the temperature of the fluid (Freon-113) in the heater'

section remained at almost constant due to the saturation condition (Fig.
10(a) or Fig.11(a)). However, certain regular patterns of flow oscillation
were observed. Two different types of oscillations were observed; here, they
are named as Type 1 and Type 2 respectively. Along with those two different
types of oscillations, two dominant ranges of oscillatory periods were
detected; they are 8-35 sec. and 2.4-4 min respectively.

.

r

In Fig. 11(c)-(h), Type 1 oscillation with a period of -20 sec. is
clearly observed. At the beginning of each cycle of Type 1 oscillation, the
liquid level in the heater section is slightly higher than the horizontal
outlet of the heater section connected to the riser section of the hot-leg.
Due to the regular oscillation of the liquid level with continuous boiling
inside the heater section, the liquid level approaches the horizontal outlet,
and the vapor begins to flow into the riser section. Since the temperature of
the fluid in the riser section remains almost in saturated condition, the
vapor introouced into the riser section becomes a small-sized slug bubble by
flashing phenomenon. This oscillation with a period of -20 sec. turned out to i

be a manometer type oscillation.

In Type 2 oscillation, though not shown in the figures of this paper, the
liquid level in the heater section remains almost stationary with continuous
flow of vapor into the riser section. The flow carry-over is maintained by
bubbly flow generated by continuous micro-flashing; thus the void fraction
becomes relatively steady with longer period (2.5-4 min.) of oscillation.
This long-period signal comes from the density wave oscillation. Along with
the longer period of oscillation, the ~35 second-period oscillation is also
observed though not very regular, which is also a manometer type oscillation.

Large flow carry-over with flashing (unsteady behavior) shown in the;

initial stage seems to be triggered by the density wave oscillations if the
system is in unstable flow conditions. Once the temperature of the fluid in

,

the heater section reaches close to the saturation temperature, density wave
causes flow oscillations and triggers large flow carry-over. However, as the

1 cycle continues, the overall loop te.mperature reaches a certain quasi-steady
state, and the peak flow rate and temperature fluctuation by largo flow carry-
over decrease; this eventually leads the two oscillations indistinguishable,

! and in a sense of long-pariod oscillation, the density wave oscillation is
detected only.

;

s

1

,

'
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D. Analysis of Experimental Data

1. Single-phase Natural Circulation and Flashing (Initial Stage)

As mentioned earlier, at the beginning of the initial stage, the
single phase natural circulation was observed. Table IV shows the ef fects of
the heat (power) input and friction control valve openings on the single phase
natural circulation. The durations and flow rates shown in Table IV are the
averaged value of several trials for each experimental conditions. The single
phase natural circulation flow rate increases as the heat (power) input and
the opening of the friction control valve increases. However, the duration of
the circulation decreases as increase of heat (power) input since overall
temperature rises rapidly in case of nigher heat input which leads the earlier
incipience of boiling phenomena. The effect of the opening of the friction
control valve on the duration of this single phase flew seems to be minor;
however, if the loop 'riction increases, the flow rate decreases, which
results in build-up of higher temperature locally at the heater section and
eventually the boiling starts earlier.

Af ter the termination of single phase natural circulation, the subcooled
and saturated boiling occurred and then flashing with large flow carry-over
followed. And then subcooled boiling started again and the t hole process
repeated with certain period. The period of this cyclic behavior also depends
on the experimental conditions (Table V).

Little difference is observed between the periods with different cooling
rates. However, the effect of the heat (power) input was significant; the
period of this cyclic behavior decreases considerably with the increase of
heat (power) input. That can be explained as follows. The flashing (and
large flow carry-ovar) occurs when the two phase bubble column is fully estab-
lished in the hot-leg portion with its density low enough (compared with the
liquid density in the cold-leg portion) to induce the natural circulation.
Also, the maximum flow rate depends on the density difference between bubble
column and liquid column inside the hot-leg and the cold-leg respectively.
Once the pressure of the system is fixed to a certain value, the density
difference required for the flashing tends to be constant regardless of heat
(power) input and the peak flow rates appear to be about the same. However,
the time required for heating up to the saturated condition depends on the
heat (power) input significantly, and the period of flashing becomes shorter
with high heat input. The effect of the friction control valve opening on the
period of flashing seems to be relatively minor. At low heat input, the peak
flow rate appears to be smaller with smaller valve-opening, and from the
viewpoint of the overall energy balance, flashing should occur more frequently
in order to transfer same amount of heat from the heater section to the
condenser by natural circulation. On the other hand, in case of high heat
input, the primary flow rate depends much on the small-scale flow carry-over,
and the decrease of peak flow rate by reducing the friction control valve
opening does not affect much on the period of flashing.
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Table IV. Single Phase Natural Circulation

Friction
Control ;

;
Valve Full-Open

Power ~

1/4-Open !

Input N Duration Flow Rate- Duration Flow Rate

1.3 KW 26.5 min 2.5 gpm 23.0 min 1.1 gpa

2.2 KW 12.1 min 3.4 gpm 10.3 min 1.4 gpm
_

4

Table V. Cyclic Period of Flashing /Large Flow Carry-Over

Friction Cooling
Control Rate
Valve Heat (Power)

Opening Input High Cooling Med. Cooling Low Cooling

Full- 1.3 KW | 14.0 min | 13.0 min | 15.2 min
Open -

; 2.2 KW 4.0 min 3.8 min 3.7 min

1/4- 1.3 KW | 11.5 min | 10.6 min -| 12.2 min
Open

2.2 KW 4.2 min 4.5 min 4.1 min
_

2. Void Fraction

At initial stage with the friction control valve full-open, the
bottom section (1-2) shows higher average void fraction than the average void
fraction at the next two sections (2-3 and 3-4). (See Fig. 9 for the loca-
tions of each section.) This is due to high-void churn turbulent flow in
section 1-2 generated by the 90* elbow connected between the section 1-2 and
the heater section compared with the low-void bubbly flow in the next two
sections. However, in section 3-4, occurrence of slug bubble with flashingcauses large peak void fraction. This behavior is more pronounced at the top
section (4-5) which has the highest peak void fraction, and also highest
average void fraction is detected at this section (see Fig. 10(e)-(h)).,

| Similar behavior was observed in case of friction control valve 1/4-open
except for the occurrence of higher peak void fraction at the second lowest
section (2-3) than at the bottom section (1-2); in case of sme,11 valve-
opening, slug bubble rapidly grew at lower section of the hot-leg. This seems
to be due to the lower velocity of fluid passing through the heater section, Iwhich leads to slightly higher (superheated) fluid temperature at the lower

!part of the hot-leg than the case of the friction control valve full-open.
|

|

l

i
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Figure 11 shows the void fractions of each riser section at quasi-steady
state. Figure 11(e)-(h) shows the trend of increasing of void fraction as the
fluid rises up through the riser section of the hot-leg. This is due to the
decrease of saturation temperature corresponding to hydrostatic pressure at
each riser section. For the case of high power (heat) input with friction
control valve full-open, the void fractions of each riser section suddenly
change at certain liquid level of the simulated steam generator (condenser).
That is, as the liquid level at the condenser (simulated steam generator)
decreases, the flow behavior changes from one mode (Type 1) to another Type
2); and the void fractions of the first three sections from the bottom 1-2,
2-3, 3-4) increase whereas the void fraction at the top section 4-5)
decreases. This is because, as explained earlier, slug bubble forms inside
the hot-leg in Type 1 flow, which leads to higher-void flow at the top sec- |

tion. If the opening of the friction valve decreases, only Type 2 oscillation i
'

is detected, which indicates the system is more stabilized. When the heat
input is reduced, the void fraction inside the entire riser section decreases
with low primary flow rate, and Type 2 oscillation was detected only.1

3. Average Flow Rate at Quast-Steady State .

|

The primary loop flow rate changes with variation of liquid level
inside the condenser (simulated steam generator). For the case of high power
(heat) input with friction control valve full-open, flow rate suddenly changes
at certain liquid levels of the simulated steam generator by the changes of
the flow behavior from Type 1 to Type 2. Type 1 flow is mostly induced by the
flashing with slug hubble, and the flow rate is several times higher than the
Type 2 flow in which the flow carry-over is maintained by the bubbly flow. If

the opening of the friction control valve decreases, Type 1 flow did not
appear and only Type 2 flow was observed; similar flow behavior was observed
with the low power (heat) input. This again indicates that the flow rate
considerably depends on the liquid level inside the condenser in present
experimental range. If the experiment continues longer, the liquid level
inside the condenser decreases further (since it is not exactly steady-state)
with the temperature of the fluid inside the loop increasing gradually; this
leads to the higher-void two-phase flow inside the riser section with higher
flow rate.

<

IV. SUMMARY AND CONCLUSIONS

In order to study two-phase natural circulation behaviors during a small
break loss of coolant accident in LWR, simulation experiments have been per-
formed in two dif ferent thermal-hydraulic loops. The focus of these experi-

i ments was the scale effects on the natural circulation, flow termination and
hot-leg flow regime. Both of the loops have been designed as a flow visual-
ization facility and built according to the two-phase flow scaling criteria
developed previously under this program. The first group of experiments was'

,

carried out in the nitrogen gas-water adiabatic simulation loop and the second
in the Freon-113 boiling and condensation loop.

The nitrogen gas-water loop has been used to isolate key hydrodynamic
phenomena from heat transfer coupled phenomena, in particular, the effects of

|
|
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the inlet geometry, gas flux, loop frictional resistance, and wDr level in
the gas separator have been studied in detail. Two different geomettles of a
core exit section were tested to compare their effect on the flow interrup-
tion, induced natural circulation, hot-leg two-phase flow regimes and void
distribution. One had a vertical straight inlet where the gas flowed verti-
cally into the hot-leg. Another one had a simple mixing chamber, a short
horizontal section and an elbow at the bottom of the vertical section of the
hot-leg. The two-phase flow regimes, void distribution, natural circulation
rate and flow termination point were considerably different between these two
systems.

However, in general the induced natural circulation rate decreased with
the decreasing gas flow rate. As the gas flow rate decreased further, even-
tually the flow termination occurred. The induced natural circulation rate
depended on the separator water level, frictional loss and void distribution
in the hot-leg. The gas flow at the flow termination was reduced as the water
level in the separator increased, however the frictional resistance did not
affect the flow termination point.

The straight inlet cases showed much higher natural circulation rates
than the corresponding cases with the inlet c1 bow. This was mainly due to the
differences in the two-phase flow regimes and hot-leg void distributions. The
transition to cup bubble or slug flow from bubbly flow was induced by the
stratification and slugging at the elbow. Since the rise velocity of cap or
slug bubbles is higher than that of smaller bubbles, the void fraction is
smaller in the elbowed inlet cases than the straight inlet cases.

These observations indicate that the hot-leg flow regine in a small
diameter facility tends to be cup bubble or slug flow. However, as the
theoretical study has shown, the slug bubbles are unstable in a large diameter
pipe typical of a protctype system. Thus it can be concluded that the cap
bubbly flow with the maximum bubble diameter given by 40/o/ gap should be the
predominant flow regime for a prototype system.

Experimental results from the Freon-113 flow visualization loop showed
significant effects of heat transfer and phase changes on overall flow
behaviors. They are summarized as follows:

1. At the beginning of heating-up of the loop, the single-phase natural
circulation is observed for a fairly long period. This is followed by
the cyclic behavior of two-phase flow (bubbly and churn-turbulent flow at
the upper and lower parts of the hot-leg respectively), sudden flashing,
and suppression of boiling with flow termination. Those unsteady behav-

| iors usually continue for three to six hours from the beginning of the
heating-up depending on the experimental conditions.

2. Unsteady flow behavior is followed by the quasi-steady state; in this
stage the flow becomes stabilized, and no large-scale flow carry-over
through the inverted U-bend with flashing was observed. Here, certain
regular patterns of flow oscillation are detected; one mode is the mano- ;

meter type oscillation with a range of period of 8-35 sec, and another

|
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mode seems to be density wave oscillation with a range of period of 2.5-4
minutes and close to the residence time (.f a fluid particle flow around
the loop. Along with a manometer type oscillation, two different types
of flow are observed. In one type of oscillation (Type 1), a periodic
small-scale flashing with formation of a small-sized slug bubble was
observed with sizable amount of flow carry-over through the inverted U-
bend. In another type of oscillation -(Type 2), a continuous micro-

-

flashing along the riser section of the hot-leg with bubbly flow causes
small flow carry-over through the inverted U-bend. Appearance of those

!
types of oscillations depends ttrongly on the liquid level in condenser

I (simulated steam generator), as well as the heat (power) input and
friction valve openings.

3. Each riser section along the hot-leg shows different void fractions. At
the initial stage, the bottom section shows higher void fraction than the'

second bottom section due to high-void churn-turbulent flow generated by
90* elbow connections between the heater section anc the riser section of
the hot-leg. However, at the following downstream section along the hot-
leg, void fractions become larger due to the occurrence of slug bubble
with large periodic flashing. At the quasi-steady state, the void frac-
tion increases along the riser section of the hot-leg. This implies'

that, at the quasi-steady statt, the heat transfer effect (i.e., flashing
phenomenon) is more important than the hydrodynamic effect (i.e., the
slugging effect by the 90* elbow at the bottom of the hot-leg). -

4. Average flow rate inside the primary loop at quasi-steady state depends
strongly on the liquid level inside the condenser which also changes the
types of oscillations explained above. Type 1 oscillation induces
relatively larger flow rate due to formation of a slug bubble with
flashing, though in small scale.

:

Through the Freon-113 loop experiments, an understanding of the basic mecha-
inism of the natural circulation and flow termination with heat transfer and'

phase changes has been established. The power (heat) input, loop friction (by
controlling friction control valve opening) and the liquid level inside the
condenser (thermal center) play key roles in determining natural circulation
rate and flow behavior including flow oscillations inside the loop.
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B&W ONCE-THROUGH STEAM GENERATOR
SINGLE TVBE EXPERIMENT RESULTS*

G. E. McCreery, K. G. Condie, and M. P. Plessinger
Idaho National Engineering Laboratory, EG&G Idaho, Inc.

1. INTR 0DVCTION

Experiments are being conducted in an air-water facility that model B&W
Once Through Steam Generator (OTSG) heat transfer and fluid flow behavior
during auxiliary fecdwater (AFW) injection. The OTSG is a single-pass
counterflow tube-in-shell heat exchanger (Figure 1) in which decay heat
removal capability is provided by inje-'. ion of AFW into the steam generator
boiler region. AFW is injected near tne top of the bundle. typically
through seven penetrating nozzles at the periphery t.f the tundle. Injection

j of AFW results in a complex steam-water counterflow situation within the
boiler. As AFW is injected it tends to fall downward due to gravity and1

flow inward due to momentum. Fluid flow is impeded and redistributed by
tube support plates (TSP's) spaced along the bundle and by steam flow up the
bundle.

The single tube experiments described in this paper are the first in a
series that examine the basic phenomena of AFW radial and axial flow
distribution, tube support plate (TSP) flooding, and tube heat transfer.
The succeeding experiments, which are presently underway, address the AFW
behavior in an unheated multi-tube (625 tubes) full scale 1/8 sector of the
OTSG that includes the top three TSP's. The overall objective of the
experiment series is to obtain observations and data of steam generator
fluid flow and heat transfer phenomena for the development of RELAP5 and

!
TRAC code models capable of improved predictions.

|
The apparatus consists of a single tube and associated tube support

plate (TSP) enclosed in a cylindrical lexan shroud (Figures 2 and 3). A lcontrolled flow of feedwater is injected above the TSP, Steam flow from the i

evaporation of AFW is simulated by air, which is drawn through the TSP by a |suction fan connected to the outlet of the shroud. Heated primary water is '

pumped through the tube and its bulk temperature measured with thermocouples
spaced along the tube axis.

The specific objectives of the single tube experiments are:

1. Determine the flooding curve for the single tube TSP with broached
hole.

2. Investigate steam generator tube wetting phenomena.

3. Obtain heat transfer data for typical AFW and primary flow
conditions.

Work prepared for the U.S. Nuclear Regulatory Commission under DOE*

Contract No. DE-AC07-761001570
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4. Investigate heat transfer regimes and heat transfer rates for
these data.

I l

| S. Investigate methods to determine liquid level above the TSP in the !

multi-tube experiments where much of the TSP's are not visible |!

! (e.g., a borescope in a clear plastic tube)

Additional single tube experiments are planned. The experiments will |

investigate heat transfer with raised primary temperature, heat transfer cnd
fluid flow above and within the TSP, and the effects of condensation on heat
transfer. Condensation effects will be investigated by employing steam flow

| rather than air flow up the tube.

! This paper describes data obtained in the single tubo experiments
conducted to date. The relevant phenomena observed is described and the;

data analyzed. The analysis is preliminary for the heat transfer data since ,

its analysis employs a computer program that is presently under development.
, ,

: 2. DESCRIPTION OF APPARATUS

LThe a raratus is configured in two forms, one for the adiabatic
experiments (flooding and pressure loss), and the other for the heat

j transfer experiments.

I The adiabatic experimental apparatus employs a clear 5/8" 0.0. Lexan -

tube, which passes through the TSP. The TSP is a 1-1/2" thick aluminum !
plate with accurately duplicated broached hole geometry (Figure 4). The t

; tube and TSP are enclosed by a 4" 0.D. clear lexan shroud. AFW is supplied
by a header that penetrates the shroud approximately 3 ft above the TSP.
The AFW falls down the inside of the shroud and accumulates on the TSP,
where it may then flow through the broached hole and down the outside of the
tube and eventually to a catch tank measuring system.

) Steam generated by the evaporation of AFW flowing down the steam
i generator tubos and from the liquid pool on the bottom of the steam
' generator is simulated by air flow. The air is driven through the hole: oy

an air suction fan. The fluid passed through a phase separator upstream of :
the fan and flow measurement station and removes rv entrained liquid. Air
flow rate is 99ulated by means of a bypass valve

'

Recorded parameters include terrperature, pres' e, air flow rate, water
i flow rate, and water head above the TSP. A standpi is ersployed to
' maintain the water height above the TSP at a fixed I. 1 during flooding
. experiments. Direct observations of water level en a ',SP are made using a
1 borescope which slips inside the clear Lexan tube, the device is being used

successfully in these experiments and in the multi-tuba experiments.

! The heated tube apparatus employs an actual 5/8' O.D. inconel steam '

{ generator tube provided by B&W. The primary fluid is pressurized and heated
^

[ typically 1,38 MPa (200 psi), and 420 K (296 F)). The AFW is heated to '

370 K (205 F) maximum before injection. The inside of the tube is -
,

instrumented with 36 ther.nocouples (Figure 5), which measure primary bulk i

fluid temperature. In addition to temperature and flow measurements, video
3

1

t
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and still photography is used to record flow phenomena on the outside of the
tube. A typical photograph of rivulet flow down the outside of the tube is
shown in Figure 4.

3. FLOODING AND PRESSURE LOSS EXPERIMENTS

The downward flow of AFW injected into the steam generator secondary
side is limited by the upward flow of steam generated by the water,

'

evaporating and boiling if the steam velocity through the tie plate holes is
sufficiently high. This counter-current flow limiting (CCFL) or "flooding"
phenomena is described by semi-empirical correlations, usually either the
Wallis or Kutateladze correlations (Bankoff, et al., 1981).

Experiments were performed to characterize the flooding of the single
tube TSP hole. The broached TSP hole consists of three equally spaced
lobes. In the experiments the air flow rate was varied until the liquid
head above the TSP was maintained constant (as determined by standpipe
level) for a constant liquid injection rate. The measured air and water
flow rates then determine a point on the flooding curve (Figure 6).

The CCFL data may be represented by a Wallis correlation

3*l/2 , 3*l/2 - 1.735g 1

where

|,s ( p;
Jg = d i

gD pfgj

or a Kutateladze correlation:

l/2 ,g]I/2K - 1.83g,

2 ,g,{g) @K - j$ (p$ 7g

j - volumetric flux or phase ig

- phase densityp
g

i - g = gas

i - 1 - liquid

#g"#1 ~ #gf

a = surface tension
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| The critical superficial air velocity for flooding, the air velocity
| that completely prevents liquid penetration, is considerably larger than
l that for a long tube of the same hydraulic diameter (0.1627 in.),

(Figure 7). Flooding in a long tube occurs when liquid waves build in
|amplitude and bridge the tube diameter. The broached hole length is ;

insufficient for this to occur at low liquid superficial velocity, j

l I
i When flooding first occurs in the broached holes, one or two holes |

flood, rather than all three simultaneously. The hole or holes that first -

flood are random and do not necessarily repeat with similar flow conditions.

An experiment was performed to examine the influence of surface tension
forces, which it was postulated, draw the water into the thin gap adjacent
to the rod and cause flooding to occur at higher j * than without the

This was tested by running a flooding experi0ent in which flooding wasgap.
just barely achieved, and then adding wetting agent (Kodak Photoflo) to the
secondary water inlet flow in sufficient quantity to reduce the surface
tension by a factor of three. The wetting agent did not terminate flooding,
and the effect on flooding of surface tension forces drawing water into the
gap is therefore small.

The critical j * for the broached hole is similar to that for a round
hole multi-hole plaie with slightly larger hydraulic diameter (0.19 in.)
reported by Bankoff et al., 1981. The authors investigated the effects on
flooding of plate thickness / hydraulic diameter and the fraction of plate
area occupied by holes. The effect of increasing the number of holes is to

experimentE(. Figure 6), which floods with a critical j *gur multi-tube
increase j * This is observed for the flooding data fo

ofg
approximately 20% higher than for the single tube data.

The critical gas Kutateladze number ( 4.04 for the single tube, and
4.81 for the multi-tube TSP) is typical for a BWR bundle tie plate
(K - 4.3, Sun, 1979), even though the hydraulic diameter isg
smaliN than for these tie-plates or for that which the Kutateladze
correlation is typically applied.

Experiments were performed to determine the los< coefficient for for
the single tube broached hole. Water at a given flow rate was input above
the tie-plate and the steady state head from the bottom of the plate
measured. The loss coefficient is calculated to be

Kloss - 0.94
where the loss coefficient is based on broached hole average velocity l

401 based on 3.5 in. 1.D. shroud). This compares with a(K loss 1.6 for a square edged orifice of the same hydraulic diameter andK -

wlkboutthetube,andagainbasedonholeaveragevelocity.
|4. HEAT TRANSFER EXPERIMENTS

Experiments are being performed to determine the heat transfer
characteristics of the steam generator tube under typical AFW flow
conditions. 52 experiments have been conducted to date with varying primary
and secondary flow rates and inlet temperatures. Primary flow rate was

110
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varied between 20 g/s to 70 g/s, and secondary flow between 1.6 g/s to
41 g/s. A primary flow rate of 22 g/s corresponds to a typical natural
circulation velocity of 0.5 m/s in the hot leg. A secondary flow rate of
6.5 g/s on the single tube corresponds to a typical AFW injection rate of
7571/s (200 gpm) per nozzle spread over a 1/8 sector of the steam generator
(the AFW does not spread evenly, but varies from a high flow rate close to
the nozzles to zero within 5 to 15 tube rows away from the outside wall
containing the injection nozzles). Primary fluid inlet temperature is
maintained at approximately 420 K (296 F), and secondary inlet temperature
is varied between 296 K (73 F) and 369 K (205 F). In addition, two
experiments were repeated with the surface tension of the secondary water
reduced to approximately that of water at 1,000 psi. This was achieved by
the addition of a wetting agent (Kodak Photoflo, diluted approximately 1 ml
per liter of water).

Measurements consist of primary and secondary inlet flow rates,
temperatures and pressures, and primary bulk fluid temperatures as described
in Section 2.

4.1 Samole Heat Transfer Data, and Phenomena Observed

Data from representative experiments is plotted in figures 7, 8,
and 9. The first figure shows data from a high secondary flow (30 g/s)
experiment, the second from a medium flow (12 g/s) experiment, and the third
from a low flow (1.6 g/s) experiment. In addition, Figure 8 plots data from
a similar experiment, with the exception of initial temperature,in which
surface tension was reduced by the addition of a wetting agent.

The secondary water in the high flow experiment fully coats the outside
of the tube and flows as a thin film. The secondary water in the medium and
low flow experiments initially breaks into 3 rivulets and snakes down the
periphery of the tube (Figure 5 shows rivulets for a medium flow
experiment). The rivulet flow thus provides reduced heat transfer area to
the secondary liquid compared with the fully wet tube.

Rivulet flow heat transfer is complicated by azimuthally varying wall
temperatures and heat transfer rates. It is observed that a rivulet at one
axial position may flow with no boiling, while another rivulet at the same
axial position will simultaneously boil. The tube wall temperature is
uneven since the wall is thin in comparison with its radius, and wall
conduction heat transfer in the azimuthal direction is therefore small
compared with that in the radial direction (this is confirmed by a
simplified heat transfer analysis which treats the wall as rectangular
cooling fin).

The heat transfer regimes observed in the experiments are
(a) convection to low velocity subcooled water pool above the TSP,
(b) convection to subcooled or saturated water within the TSP holes
(augmented by conduction to the TSP at points of contact), (c) convection to
falling film or rivulets below the TSP, transitioning to, (d) nucleate
boiling, transitioning back to (e) falling film or rivulet convection. If
the nucleate boiling is sufficiently intense, the secondary fluid is
observed to "sputter" from the tube, and is thereby prevented from further
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cooling the tube (however, in a tube bundle the majority of the sputtered
water drops will impact other tubes, including tubes which would otherwise
be dry).

The effect of reduced surface tension on rivulet flow is to enhance
heat transfer (Figure 8). This occurs because the rivulets spread out and
thin and cover a wider area if the surface tension is reduced. The height
of a liquid rivulet varies approximately with the square root of surface
tension (for the same contact angle) (this assumes that the height varies
with surface tension the same as for a quiescent sesile drop,
e.g.,Natijevic,1969). In our comparative experiments the surface tension
was reduced by a factor or approximately 3, thereby providing a wetted area
increase of approximately 1.7. This is close to the ratio of overall heat
transfer rates in the two experiments (equal to the ratio of primary bulk
fluid inlet temperature minus outlet temperature changes - (11 K)/(7 K) |

- 1.6. This neglects the small subcooled heat transfer in the comparative ;

experiments).

Both surface tension and viscosity of the secondary fluid decrease with
temperature. The result is increased rivulet spreading with increased
temperature. The transition betweeii rivulet flow and a falling film which
fully covers the tube below the TSP (the water is initially channeled into
three rivulets which then join to coat the tube) occurs at approximately
18 g/s secondary flow rate for an inlet temperature of 296 K (70 F). The
transition flow rate decreases to approximately 11 g/s at 369 K (205 F), and
will be lower yet at full temperature and pressure steam generator
conditions. Simplified models exist for the rivulet / film flow transition,
such as that of Hartley and Hurgatroyd (1964) which formulates the
transition flow rate per unit perimeter (r) as a function of liquid density
(pj), surface tension (o), dynamic viscosity (s), and surface contact
angle (0). Their equation based on a force criterion is

P - 1. 69 (pp/g)l/5 [o(1 - cos 6)]3/5

The model assumes that the film flows isothermally, which is not the case.
The initial channeling of flow below the TSP into rivulets and the elevated
temperatures of dry patches on the tube result in an actual transition flow
rate higher by at least a factor of four than calculated by the equation

0(using estimated contact angles of between 45 and 75 ). The isothermal
model predicts the correct trend of wetting rate decrease with secondary
temperature increase for these experiments. The influence of wall heat flux
is to increase the transition flow rate, as shown by Hsu et. al. (1965).
The effects of heat flux on on the transition flow rate will be investigated

by varying the primary flow inlet temperature.

5.2 Heat Transfer Anqlysis Usina Computer Proaram "TUBEHT"

A computer program which models steam generator tube heat transfer is
presently being developed. The program, named TUBEHT, is being used in a
preliminary form to analyze these experiments and to thereby test the
applicability of various heat transfer models. The work is directed toward
the ultimate goal of developing fluid flow and heat transfer models for
inclusion in the RELAPS or TRAC systems codes.

i

l
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The program models the tube heat transfer as one dimensional and the
flow as steady state. The model subdivides the tube, primary fluid, and
secondary fluid into evenly spaced axial increments represented by nodes
(typically with node spacing - 1 in, along the 36 in. length). At each node
the local primary and secondary heat convection coefficients, primary and
secondary bulk fluid temperatures, secondary liquid flow rate and evaporated
steam flow rate, conduction heat transfer in the radial direction, and wall
superheat are calculated. Heat transfer models used in the program include
Dittus-Boelter (1936) for the primary flow, and for falling film convection,
Labuntsov (1957) for film Reynolds' number less than 1280, and Chen (1985)
for Re > 1280 (the transition recommended by Chen).

For nucleate boiling a primary side thermal entry length solution
(Kays, 1966) is used and is necessary to account for the sudden increase in>

heat transfer rate (note that the temperature slope in the boiling region is
steeper than the slope for the infinite secondary heat transfer, but well
developed primary temperature profiles). The initial position of nucleate
boiling is specified as that at which the secondary fluid reaches
saturation.

For rivulet flow, the overall thermal conductance, defined as the
reciprocal of the sum of primary convection resistance plus conduction
resistance, plus secondary convection resistance (calculated on the basis of
a fully wet periphery) is multiplied by an estimated fraction of rod
periphery wetted below the TSP (0.4 for the example calculation in
Figure 8). Heat transfer per unit perimeter (q) is then given by

q = U (Tprimary - Tsecondary)

P
1 wetU"

D D D3+3P+3 inDh 2k D hjg j g

where,

V thermal conductance-

T fluid temperature |-

Dj tube inside diameter-

D tube outside diameter-
o

k tube wall conduction coefficient-

hj tube inside wall convection coefficient-

ho tube outside wall convection coefficient-

Pwet perimeter wet-

P tube outside perimeter-
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If wall to gas heat transfer proves important at high temperature and
pressure, this may easily be added to the above equation.

The p.*eliminary calculations shown in Figure 8 show good agreement with
the data. The agreement is achieved, however, by varying the wetted flow
area ratio until agreement is reached (the ratio chosen, 0.4, is, however, a
reasonable estimate). Further development is necessary before the program
is capable of calculating heat transfer over the wide ranges of conditions
encountered in these experiments and in an actual steam generator.

This heat transfer analysis suggests that a three region model of 0TSG
heat transfer is appropriate and reasonable for inclusion in RELAP5 or
TRAC. The three regions would describe steam generator tubes which are
(a) fully wet with falling film, (b) partially wet with rivulet flow, and
(c) completely dry.

6. CONCLUSIONS

Fluid flow and heat transfer experiments are being successfully run in
a single tube air-water app'ratus which model 0TSG behavior during AFW
injection.

The experiments are ne part of a series which also includes the study
of AFW distribution in a multi-tube apparatus. The results of the
experiments performed to date are:

A flooding curve for the single tube broached hole 1SP was determined.
The critical gas superficial velocity for flooding is lower than that .for a
multi-tube TSP. The data is consistent with that of other researchers for
small hydraulic diameter perforated plates.

Pressure drops were measured across the TSP and a loss coefficient
calculated (Kloss - 0.94, based on average velocity within the hole).

A borescope slipped into a cicar Lexan tube was successfully used to
determine liquid level above the TSP, and is being used in the multi-tube
experiments where the TSP is only partially visible.

Tube wetting phenomena is being investigated and described. Of primary
interest is the formation of rivulets rather than a thin film at lower flow
rates. The rivulet / felling film transition is being quantified.

Heat transfer data for typical primary flow and AFW flow conditions is
being obtained and the heat transfer regimes identified.

The heat transfer data is analyzed by use of a computer program which
is presently in development. Preliminary calculations show that a
one-dimensional model of steam generator tubes, such as employed in RELAP5
or TRAC, is capable of reasonable heat transfer calculations if appropriate
models are employed. Modeling rivulet flow heat transfer may be
accomplished by multiplying the overall thermal conductance calculated for a
fully wet tube by the fraction of the tube perimeter wet.

|

114

i

I
- -- . _ _ , -_



. _ . _ . . - .. - - - ---

h

REFERENLCS
,

|
1. Bankoff, S. G., et. al., "Countercurrent Flow of Air / Water and

Steam / Water Through a Horizontal Perforated Picte", Int. J. Heat and
Mass Transfer, 24, 1981.

2. Chen, S. J., "Turbulent Film Condensation on a Vertical Plate",
Proceedinas of the Eiahth International Heat Transfer Conference.1986.
Hemeschere. New York.

;

3. Dittus, F. W., and Boelter, L. M. K., Univ. Calif. Publs. Enar., 2:443,
1930,

4. Hsu, Y. Y., Simon, F. F., and Lad, J. F., "Destruction of a Thin Liquid
Film Flowing Over a Heating Surface", Chemical Enaineerina Proaress
Series, 11, 57, 1965.

5. Kays, W. M., Convective Heat and Mass Transfer, New York, McGraw-Hill,
1966.

,

6. Labuntsov, D. A., "Heat Transfer in Condensation of Pure Steam on
Vertical Surface and Horizontal Tubes", Teoloeneraetika,1,1957.

7. Matijevic, E., 1urface and Colloid Science, New York,
Wiley-Interscience, 1969.

8. Sun, K. H., "Flooding Correlations for BWR Bundle Upper Tie-Plates and
Bottom Side-Entry Orifices", Proceedinas Second Multi-Phase Flow and
Heat Transfer Symoosium-Workshop. Hemeschere. New York. 1979.

|

|

I

115

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



. _ _ _ _ . . . .- _

h PRIMARY INLEl N0Z?tE
a20

h PRIMARY OUTLET N0ZZLE (2)
'

@ FEEDWATER HEADER
_

@ FEEDWATER SPRAY N0ZZLES (32)
~ h

h FEE 0 WATER HEATING CHAMBER

h "8LEED" STEAM PORT f .g. k
h SATURATED FEEDWATER

*

)

& PORTS
-,

@ GENERATING TUBES (15,500) ,

' ~

@ DEPARTURE FRON NUCLEATE BOILING
3

h 1005 QUALITY
.-

120" __

@ SUPERHEATF.D STEAN
52'

g STEAN ANNULUS

@ STEAN OUTLET N0ZZLES (2) -y

@ LOWER SHELL
u-

[ |

@ UPPER SHELL

@ LOWER TU8E SHEET h q .
*

f j!h UPPER TUBE SHEET _L
"

-

-

@ ADJUSTABLE ORIFICE
' "

@ AUXILIARY FEEDWATER INLET

@ TUBE SUPPORT PLATES (15)

@ CYLINORICAL 8AFFLE

o

Figure 1. Once Through Steam Generator. |

|

116

. . _ _ _ . _ ._ --.



-m From demineralizedp C_

water storage tank-a-

Feedwater
tank

Air bypass

g To Ha
drain Simulated steam '

generator tubeg 3 3

,p:: Air suction |,
' '

/ Air water fan
,

separator

\/a em
Feedwater /-

header

,

I
|

AY IA

uppob aTube
support plate
plate

Lexan
j

tube

Level l

Lexan control |shroud tube
_ |

Section A A
Collector

v v
il il !,

i
'

- Weigh -- u , Weigh - Catch, ,

'

tank tank tank
, , ,

Figure 2. Single tube adiabatic air-water OTSG apparatus.

.

117

..



.

O From domineralized
_b D water storage tank^

Feedwater
tank

Thermocoupley
rake

jTo
i drain inconel steam

generator tube

_ -r- -m
1 I b! / -

y' Primary
heater'

Feedwater a:

heater U

Lu ___}
r-'~

Feedwa'ar
header

Ab lA
1

f f ubeT
C ZY supportTube

support plate

plate

' /inconel
tube

1
J

~

L 2n Level
i

shroud control
tubeSection A A ._ j ;

Collector Cooling

i i I |
Weigh |

= , ,
,

- Weigh ,= Weigh -- =

tank tank tank |
,, "

'

n.=

Figure 3. Single tube heated OTSG apparatus.

118
|



_ _ ,2,,_ 4,,..-m.. - ^-'*" "" '"""~' ' "
'

"

d "

_

** % *p
_

. $[SS!'
,

1 . j
.I y ,,

. fi$
,
e.

k'

=>

!jj .- arvoter ,

l'
,

Ia i

L' '

j
.

<\

f i

ovgp _d !
'

i

,r
!
w .e:=g e - c

'

,

119

- - _ . - - - - - _ _ - - - - - . - - - . - . - - - - .. _ - - - - - _ _ _ _ _ _ _ .- -_



..

I
'

Thermocouple ID+ 1 :
"Flow

53 1/2"

|

1/2"
Top TSP 1"

|- 1 1/2-~
~4

' -5
2" 1/4" diameter

6 instrumentation
A 2 1/2" A

I 9 8 | tube
Bottom TSPy u

3 1/2"
11 10

4 1/2"
13 12 Section A-A

6 1/2"
15 14

Distance 17 16

from TC#2 10 1/2"
19 18

12 1/2"
21 20

14 1/2"
23 22

17 1/2"
25 24

20 1/2"
27 26

23 1/2"
29 28

26 1/2"
31 30

32 1/2"
33 32

I# ~ 3 34 35:

8 .
x

!
:

Figure 5. Thermocouple locations.

120

,



_ _ _ _ _ _ _ _

l8
I I N I I I I I i

1.7 -
-

16 - Multi-Tube
_

1.5 -

jn/2 + j;i/2 = 2.06
X -

M
1.4 - E -

1.3 - Single Tube E g -

1.2 -
j9"'2 + j'' '/ 2 = 1.74 O oE -~

Po X A
1.1 -

y''

A g -

1'0 _ single Tube Data A X
Liquid level Water flow Water flow M E__

% 0.9 - n TSP in in 1 ear in 2 ears g b _

o.0 .50 0 E yy B
0~8 .50 -1.0 0 0-

1. 0 - 1. 5 A A _

1.5 - 2.0 X X S0.7 - 2.0 - 2.5 V V g e
-

2.5 - 3.0 0 + B
O.6 - 4.5 - 6.0 E E -

' ' ' ' ' ' ' ' '0.5 -

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
**1/2
h

Figure 6. CCFL data on j 1/2 plot.

WRR 8714-1

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ - _ _ _ - _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _



. - _ _ _ _

20 i i i i i

"

Pushkina & Sorokin
Data (KcaiT = 3.2, for tube)17--o '

_______________________
_

15 - -

2
x \ allis j = 0.850 -

W y
1 CR!T -

Q (Long vertical tube)
2

=m

-

M 5 - -

' ' ' ' '0:
O.16 1 2 3 4 5 6

Hydraulic diameter (in)

Figure 7. Critical superficial air velocity for water.

at standard temperature and pressure.

CCK00631

- _ _ _ _ _ - _



_ _ _ . _ _ _ _ _ _ _ _ _ _ _ _

|

423 i i i i i

g Mpaiuggy = 71.32 g/s
~

422 - x -

* xx
3 Y X X X

m x
** *5 421 -

a x x
' E

o x_

v 420 - X -

E
c
x
3 419 -

-- "t:
b X

e
.E 418 -

-

s-

' ' ' ' '417
0 5 10 15 20 25 30

Distance from first thermocouple (in)

Figure 8. Primary fluid temperature, low secondary flow
rate (1.67 g/s).

ccx,,,,,

------- _ - _ - - - . . _ _ - _ --------



. _ - _ _ - - _ _ _ - - _ _ _

425 , i i i i i

O With wetting agent$1 = 71 g/spaiuggy
x Without wetting agent

I 96 K ____. Calculated_ =
SECONDARY

E 420 -
~~~ ' "' *'* -

S O secondary heatg subcooled
t transfer, well~

x
g Q developed flow
a 415 -\ % _'x

E \ subcooled .

O O's falling \~

'n ivulets \ O O Orp ,

\ \ O5 410 - ~s xs' ''"2-
-

~,g s

.E nucleate ' saturated falling rivulets ''
boiling'

N
" 405 - s

-s
~
sx N

i TSP s
N

CD location s
s

's,

400 I !"! I I I lu : is.

0 5 10 15 20 25 30

Distance from first thermocouple (in)

Figure 9. Primary fluid temperature, measured and
calculated. Medium secondary flow rate (12 g!s).

CCK00636

_ -________



_ - _ _ _ _ _ _ _ _

420
x I I I I '

x x_. !
[

.

g x MPRIMARY = 29.32 g/s
-

e 415 -

-

: 3
$
E
E 410 -

2
-

D.
.2
~

405 -

E
-

a
E! "

p x x

g 400 -
x

-

x--

xc_
X

' ' ' ' '395
O 5 10 15 20 25 30

Distance from first thermocouple (in)

Figure 10. Primary fluid temperature, high secondary flow rate
(30.35 g/s).

CCK00632

_ _ _ _ _ - _ - _ - _ _ - _ - _ - _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ - - _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _



_ . __ __ ____ _ _ . _ . . __ _

NON-EQUILIBRIUM VAPORIZATION IN THE POST-CHF
HEAT TRANSFER REGIME *

by

C. Unal,** K. Tuzla, S. Neti, and J. C. Chen
Institute of Thermo-Fluids Engineering and Science

Whitaker Lab #5
Lehigh University

Bethlehem, PA 18015

ABSTRACT

An experimental study of convective film boiling (post-CHF)
was carried out for low pressure steam and water flow in a nine-
rod bundle with heated shroud, Measurements of wall heat flux,
wall superheat, and vapor superheat were obtained as a function
of axial distance from the CHF quench front for a range of flow
rates and flow qualities. Three series of tests were carried
out: a) fixed quench front with the CHF dryout point stabilized
at test section inlet, b) reflood with advancing quench front,

propagatin8 upward through the test section, c) dryout with the
quench front retreating upstream downwards through the test
section. A total of 467 data points were generated from 144
experimental runs which were executed in the following range of
conditions.

i

|
2 |Coolant Mass Flux 0.gto26kg/mg

Inlet Quality 40 C subcooled to 0.40
Pressure 105to120k3aHeat Flux 5 to 43 kW/m

INTRODUCTION

Convective boiling after exceeding the critical heat flux (CHF) can be
encountered in steam generators, refrigeration systems, cryogenic systems,
nuclear reactors and other applications. This regime of boiling is
sometimes referred to as "convective film boiling," "post-CHF' heat
transfer," "post-dryout boiling," or "flow-film boiling." The flow pattern

*This work was performed under the auspices of the U.S. Nuclear
Regulatory Commission, Office of Nuc1 car Regulatory Research,
Division of Reactor Systems Safety.

** Presently with University of Maryland, Department of Chemical
and Nuclear Engineering, College Park, MD 20742
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is either inverted annular flow (liquid core surrounded by a vapor annulus)
or fully dispersed flow (liquid drops dispersed in a vapor continuum). In
either case, superheating of the vapor above the saturation temperature can
occur, resulting in thermodynamic nonequilibrium between the two phases [1-
7]. This state is characterized by a superheating bulk vapor and an actual
flow quality (X less than the thermodynamic equilibrium quality (X )*
Energy balance 9e) quires that e

|

+ C ,(T - T )) (1)e fg = X,[hg p, y sXh

and if

T >T
y s'

i

then (2)

X <X .

a e

Analysis of convective film boiling requires knowledge of the degree of
vapor superheating and the resultant degree of thermodynamic
nonequilibrium. Of particular importance is the axial vcriation of vapor
superheat (in the direction of flow) since the intensity of vaporization
(P) is characterized by the axial derivative of the bulk vapor temperature,

p , (Mass of liquid vaporized)
(Time) - (Volume)

dX^ (3)-c
dz

-

Xh
~

I *=G
gg + C (T -T,)dz b

Finally, since only a fraction of the heat transfer to the fluid effec's
vaporization of the liquid phase (tht: balance going toward superheating of
the vapor), one is concerned with the "evaporat. ion ratio," defined as

, .
.

p _ Later.t heat of vaporization Total heat input.

E -( Time Volume ) Time * Volume
''

(4)n .p

Q/V
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Due to the difficulty of measuring vapor superheat in the presence of
dispersed liquid, only a few attempts to quantify the degree of
thermodynamic nonequilibrium have been reported. Mueller [8], Polomik [9],
Nijhawan, et al. [10], Annunziato [11], Gottula, et al. [12] and Evans, et
al. [13] were successful in obtaining measurements of nonequilibrium vapor
superheats for post-CHF boiling in vertical tubes. Of these, only the
latter two sttidies [12,13] obtained information on the axial variation of
the vapor superheats. There is also concern that the thermodynamic
behavior may be affected by channel geometry; and since many applications
involve flow in rod or tube bundle geometries, there is a need to
characterize the nonequilibrium behavior in bundles.

The objective of the present study vas to obtain experimental
measurements of post-CHF boiling in a rod bundle geometry, including

| information on the axial variation of vapor superheats. The aspirated ;' probe technique of Nijhawan, Chen, et al. [10] was modified to permit |measurement of vapor superheats in the flow channels of the rod bundle.
i

| EXPERIMENT
l ;

The experiments were carried out in a two-phase loop with a vertical
rod bundle test section. The loop provided a metered flow of known flow ,

rate, pressure, and vapor / liquid quality to the inlet of the test section.
The test section consisted of a heated shroud containing a 3 x 3 rod bundle
assembly, as illustrated in Figure 1. Dimensions of the rods and the
shroud were selected to have equal hydraulic diameters in all flow
subchannels (e.g. cells I and II). Figure 2 shows a schematic diagram of <

the test section and its inlet and exit connections. The inlet section
provided a flow length with an internal strainer to obtain good mixing
between the vapor and liquid phases. A hot patch was also available to
condition the thermal state of the inlet two-phase flow and to stabilize
the quench front for those tests where a fixed CHF point was desired. The
test section had a length of 1.2 meters and incorporated four ports for
vapor temperature and pressure probes and a rod spacer, as indicated in
Figure 2. The vapor superheat probes were similar to those used by
Nijhawan (10] and Evans [13), modified to permit traversing across the rod
bundle width. The nine test rods were electrically heated with uniform heat
flux. The test section shroud was heated by a radiant furnace with multi-
zone control. Thermocouples mounted on the external wall of the shroud

.

|

permitted determination of shroud temperatures along its axial length.
Each of the nine internal rods were equipped with 12 thermocouples imbedded

; in grooves near the rod surface for measurement of wall temperatures at
various axial locations. In addition to rod's and shroud's power and
temperature measurements, the fluid flow rate, inlet enthalpy, inlet
pressure, and bulk vapor superheats were determined and recorded for each
run. Details of the test facility and instrumertation are given in
Reference [14].

In a typical fixed-quench-front run, the test section would be
preheated to a selected post-CHF state with the inlet hot-patch, the shroud
and rods at substantial superheats. A steady two-phase flow, with desired
flow rate, pressure, and inlet mixture enthalpy would be established, using
a bypass around the test section during the prehating stage. Upon

i
1

2
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l
!

obtaining the desired initial condition, data acquisition was started and
| the two-phase fluid would be switched from the bypass line to the test

section. Ninety channels cf experimental data would be recorded on a 7-'

second tine cycle through the duration of each test run. As the two-

phace fluid passed through the test section, steady-state post-CHF boiling
occurred along the length of the test section downstream of the CHF point
which is arrested at the inlet of the hot-patch.

For advancing-quench-front runs the procedure was similar to the one
described above for fixed-quench-front runs, except the inlet hot-patch was
maintained as an adiabatic section at the fluid saturation temperature.
By adjustment of the power input tc the test rods and shroud, it was
possible to attain a stend; upward movement of the CHF location
(propagating quench front) as the test section slowly cooled. Because the
quench front velocity was orders of magnitude less than the fluid flow
velocity, sufficient time was obtained to establish thermal-hydraulic
quasi-steady state downstream from the quench front throug'.. the course of
each run. In this manner, measurements of vapor superheats at the probe
location could be analyzed to obtain axial variations of the degree of
nonequilibrium as a function of distance from the CHF point.- In a typical
run, the quench front would propagate with a velocity of the order of 1 mm
per second, and single run would last approximately 10 minutes (time for
the quench front to reach the vapor probe station).

For a typical retreating-quench-front run the test section was filled
with fluid at saturation temperature, and test rods and the shroud were
powered for the desired heat flux. Post-CHF conditions, starting from the
top, were obtained above a dry-off point. When the dry-off point reached
the vapor probe elevations, the probes were activated for vapor temperature
measurements, cnd the experiment was terminated when the dry-off point
reached the bottom of the test section.

All experiments were carried out with water /stgam as the test fluid.
The two-phase mass flux ranged from 0.1 to 26 kg/m s, the inlet enthalpy
varied from 40 C subcooled to 50 percent net quality and the test pressure
was between 105 to 120 kPa. A total of 467 data points were generated from
144 experimental r r.a s . The distribution of the data points among the
fixed-quench-front, advancing-quench-front and retreating-quench-front data
was 97, 278 and 92 respectively.

RESULTS

The primary information recorded was temperatures of the heater rods
and two-phase vapor. Figures 3-5 show representative plots of the rod and
vapor temperatures measured along the length of the test section during the
three different modes of tests. Figure 3 shows the conditions obtained
during a typical fixed-quench-front test. Wall superheats at 44 axial ;

locations and vapor superheats at two axial locations are indicated
'

together with the axial variation of equilibrium quality, and calculated
actual qualities at the two probe elevations. The wall superheat
temperatures mainly belong to three representative rods which are indicated
as 1, 2 and 3 in Figure 1. The axial variation of the rod temperatures
shown in Figure 3 is typical for all fixed-quench-front tests; the rod's
ourface superheats are between 400-500 C at the test section inlet, and

.
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rise to about 650 C in a distance of about 0.3 m. At the grid spacer, as
indicated by the symbol S in Figure 3, the rods experience a sharp decrease
in wall superheat, requiring an axial distance of approximately 0.2 m
before recovering to the pre-spacer temperatures. This desuperheating
effect of. the grid spacer was consistently found in all experiments,
regardless of the mode of the experiment, indicating the promotion of
enhanced two-phase cooling by the spacer obstruction. During- these
experiments, only two of the vapor probe stations, those indicated by the
symbol P in Figure 3, were mounted with vapor probes; the measured vapor
temperatures are indicated by the dark symbols in Figure 3. For the
conditions of this test, it is seen that the vapor attains a very
significant level of superheat ( ~ 500 C) at the first vapor probe
elevation. The downstream measurement indicated less vapor superheat due
to desuperheating effects of the grid spacer on the two-phase fluid.

During an advancing-quench-front test the lower hot-patch is kept at
fluids saturation temperature and as a result the CHF point will propagate
into the test section with slow velocities, lee. ding to pseudo-steady-state
conditions in the test section. Figure 4 shows "snapshots" of the rod and
vapor temperatures measured during such an experiment, at two particular
times (70 and 280 seconds) after initiation of two-phase flow. For the
time A (70 seconds) the open circles represent surface temperatures
measured on the nine rods in the test section at the various elevationsindicated. The uniformity and smoothness of this composite curve confirms
the similarities of thermal hydraulic conditions in all flow subchannels of
the rod bundle. Upstream of CHF (quench front), the rods' surface
superheats were essentially zero; immediately downstream of the quench
front, the rods experienced a rapid rise in temperature to several hundred
degrees centigrade in a distance of approximately 0.3 m. Further
downstream, the gods were found to have a fairly uniform superheat (of
approximately 600 C for this run), with the exception of the region near
the Brid spacer. The measured vapor temperatures are indicated by the dark
symbols in Figure 4 For the conditions of this test, it is seen thc.t the
vapor attains a very significant level of superheat (400 C) just half a
meter downstream from the CHF (quench front). The downstream measurement
did not indicate any significant further increase, due primarily to the
desuperheating effects of the grid spacer on the two-phase fluid. The run
progressed, the CHF quench front propagated upward in the test section as
indicated by the two snapshots in Figure 4 The general characteristics of
the downstream wall temperatures remained similar, although there is a
discernible decrease in the magnitude of the local wall superheat upon
approach of the quench front. The vapor superheats were more s18nificantly
affected by the advancing quench front; at the first probe station, the
vapor superheat was observed to decrease from 420 C to 200 C as the quench
front advanced by a distance of approximately 0.25 m in that experiment.

A retreating-quench-front experiment starts by filling the test
section with fluid at saturation temperature. As the fluid is evaporated
by the heat from heated rods and the shroud, the liquid level in the test
section retreats with post-CHF conditions at downstream. Figure 5 shows a
plot of axial variation of rod and vapor temperatures at a particular time
(258 seconds) after the initiation of the test. Quench front is located
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around 20 cm elevation. Axial variation of rods' surface temperatures are
similar to the variations observed in advancing-quench-front tests.

The axial variations of rod and vapor superheats shown in Figures 3-5
are illustrative of behavior found in these experiments. Reproducibility
was checked by carrying out two or more runs with similar entrance and
boundary conditions. It was found that derivations in wall and vapor
superheats were of the order of only 3 percent for similar runs.

Lateral Variation of Vapor Superheat

Steady-state post-CilF conditions, obtained with fixed-quench-front
tests, allowed ample time for repeated vapor superheat measurements. Under
steady-state conditions, the vapor probe was moved in the cross-sectional
planc (between points B and C in Figure 1) and vapor superheats were
measured. Typical measurements from the first vapor probe port are shown
in Figure 6 for threg different inlet qualities. Significant temperature
differences, up to 120 C, were measured in the cross-sectional plane of the
test bundle for low inlet quality conditions. The lateral temperature
profile has a bell shape with its maximum value obtained at the minimum
channel width (point A), and its minimtim values at the centers of inner and
outer flow cells (points B and C). The synmetric behavior of the vapor
temperature profile, between AB and AC, is evidence of even thermal
hydraulic conditions in the inner and outer cells. Though the vapor
temperature profile is influenced by the flow conditions in the channel,
the locatione of maxima and minima of the vapor temperatures do not appear
to be affected. Also shown in Figure 6 is the effect of inlet quality on
the vapor temperature that indicates a flatter profile with increasing
inlet quality. For the conditions of Figure 6, the maximum lateral
variation in vapor temperature (ATmax) is reduced from 120 C to 40 C when
the inlet quality is increased from 0.04 to 0.40.

Axial Variation of Vapor Superheat

In order to obtain the variation of vapor superheat with axial
position, it is necessary to collect experimental measurements for a given
set of inlet conditions and downstream boundary conditions. Since the
post-CilF regime starts at the CHF (quench front) location it is therefore
necessary to use data for equal values of mass flux (G), pressure (p), and

(X Similarity of downstream
valueso[)thewalltemperatureandwall

equilibrium quality at the CliF point .

C11
boundary conditions require given
heat flux. These requirements are not easily satisfied in a single
experimental run. As illustrated in Figures 3-5, the equilibrium quality
increases along the test section; thus the quality at the CliF point changes
as the quench front propagates along the test section in an advancing-
quench-front run. To satisfy the requirement for similar initial and
boundary conditions, it was necessary to search the complete data base of
all runs for subsets having similar boundary conditions and initial inlet
conditions at the CliF location. Figure 7 shows a composite plot of the
data fer such a subset of measurements obtained at similar entrance and
boundary conditions. It is seen that both the wall superheat and the vapor
superheat date do delineate axial curves for such a composite set of test

|
t
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conditions. Within the range of conditions indicated, these data give a ;
true indication of the variations of the nonequilibrium thermodynamic |

| conditions as a function of axial position from the quench (CHF) point.
| Several importe t observations can be made from the data shown in

Figure 7. First, it is seen that the axial variation of vapor superheat
shows an S-shaped prcfile. Thus the derivative of vapor superheat with
axial distance (slope cf the curves) are small near the CHF point and at
far distances from the M point, with a higher value at intarmediate
distances. The slope of the exial profile of varer temperature measures
the rate of specific heat addit.icn to the vapor. A steeper slope implies
greater heat addition to the vapor and correspondingly lesser heat
contribution to evaporative phase change; conversely, a shallower slope of
the vapor temperature profile indicates a larger amour:t of heat input going
to evaporation and thus a tendency for the two-phase fluid to approach
thermodynamic equilibrvun. The results obtained from plots similar to
Figure 7 indicate o region of approximately 20-30 cm immediately downstream
from the quench front with relatively low values of vapor superheat and
having a fairly shallow slope in the axial variation of vapor superheat.
This implies that the vaporization process is relatively efficient in this
region near to the quench front location. Evaporation of the liquid phase
can be caused by either heat transfer from the superheated vapor to the
entrained liquid or from heat transfer from the superheated wall to the
liquid. The corresponding drivin8 forces for these two mechanisms are the
vapor superheat (T -T ) and the wall superheat (T -T ), respectively. In
this near-distance "region, the r11 superheats are seen to be quites

significant while the vapor superheats are relatively low. Thus the data
similar to Figure 7 implies that there is an effective mechanism for
vaporization in the near region due to direct heat transfer from the wall
to the liquid phase. This hypothesis is qualitatively consistent with the
observations reported by Hewitt, et al. [15] and by Ishii [16] which
indicate a near-zone region with relacively large amount of liquid present
in a fairly agitated flow pattern which could cause significanc liquid
splashing on the channel walls.

At greater distances downstream from the quench front, the axial
gradient of vapor superheat first increases and then decreases with
increasing axial distance. It is our belief that the middle region with
the high axial 8radient indicate that the evaporation process diminishes in
intensity due to a diminishment of wall-to-liquid heat transfer, as the
two-phase flow passes out of the near-region splash zone. This effect
continues into the far zone but at these downstream positions the
cumulative evaporation has increased the absolute mass flux of vapor flow
such that the rate of increase in specific vapor sensible heat (per unit
mass of vapor) is decreased even though most of the heat addition still
goes toward vapor superheating rather than evaporation. This point can be
more easily observed by comparing the axial gradient of vapor superheat to
the gradient that would be obtained for the limiting case of "frozen
quality" conditions where all the heat input goes toward vapor
superheating. In Figure 7, a frozen quality line is drawn from point A to
indicate the axial profile if no further evaporation were to occur after
point A. It is seen that the measured vapor temperature profile lies
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fairly close to this limiting condition, indicating a relatively
ineffective evaporation process in this downstream region.

The experimental results of this study permit an evaluation of the not
evaporation process as a function of axial distance. Since bulk vapor
superheat is observed in this post-CIIF heat transfer process, it is obvious
that only a fraction of the total heat input to the two-phase fluid results
in vapor formation, the balance being absorbed as sensible superheat of the
vapor. To improve our ability for mechanistic modeling of the process one

, would like to know the division of heat input between evaporation and
| sensible heating.
' The evaporation ratio defined by equation (4), represents the fraction

of total heat input that is utilized in vaporization. The local
evaporation ratio can be expressed,

I
l

dX '

R * * *E" fg (Q V) " a e dX

Axial gradients of actual and equilibrium qualities are required for
calculation of the local evaporation ratio. A sample case is calculated
for the conditions of Figure 7 and plotted in Figure 8. The scatter of the
data in this figure is partly due to slightly different operating
conditions for the various runs that are included, and partly due to
experimental accuracy. The data obviously show a decreasing trend in R

E
with increasing axial distance. It is seen that the local evaporation
ratio approaches unity at the CHF (quench front), decreasing to
approximately 0.3 at about 20 cm. This decrease continues with increasing
axial distance, approaching magnitudes of less than 0.1 after 60 cm.

It is cicar that post-CHF heat transfer downstream from the CHF quench
front involves a "near region" with reasonably effective evaporation and a
"far region" where the evaporation process is relatively laeffective and
almost all the heat input goes toward sensible superheating of the vapor
phase.

The experimental information represented in Figures 6-8, showing
lateral variation of vapor superheats and axial variations of heat flux,
vall superheats, vapor superheats, and evaporation ratios, are the final
results of this study. Clearly, such detailed experimental information is j
needed to assess and improve models for analysis of the post-CHF heat
transfer process. An initial attempt to compare existing models (4,5,7] :

with thcse data showed unsatisfactory agreement [17]. A few models were !
reasonaoly close in prediction of heat fluxes, but essentially all the |
models did not satisfactorily predict the axial variation of vapor
superheating or the evaporation ratio. Clearly, one can have confidence
in a phenomenological model only if it can satisfactorily describe the
total interacting mechanisms. These experimental findings are being
presented in this paper in hopes of aiding future developments of improved

,

mechanistic models for the post-CHF heat transfer process. Detailed |
documentation and tabulation of the data will be availabic in a separate
reference report [18).

i
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NOMENCLATURE

2G : Fbss Flux Kg/m s

P : Pressure KPa

R : Evaporation ratio --

E

T : , ' ,. Temperature C

X : Vapor mass quality Kg/Kg

Z : Axial distance m

: Vapor generation rate Kg/m s

SUBSCRIPTS

a : Actuel

CHF : Critical heat flux

e : Equilibrium

in : Inlet

r : Rod

s : Saturation

v : Vapor

W : Wall
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USE OF FULL-SCALE UPTF DATA TO
EVALUATE SCALING OF DOWNCOMER (ECC BYPASS) AND

HOT LEG TWO-PHASE FLOW PHENOMENA

P. S. Damerell
N. E. Ehrich
K. A. Wolfe

|

MPR Associates, Inc.

Abstract

The first UPTF Downcomer Separate Effects Test and the UPTF
Hot Leg Separate Effects Test provide full-scale data useful
for evaluating scaling effects. The downcomer test showed
that subcooled ECC penetration down the downcomer at one steam
flow was greater than would be predicted from several
correlations using the largest available subscale data
(1/5 scale by length). This is a favorab'ie result from a
licensing standpoint, i.e., actual full-scale performance is
better than thought. The multidimensional flow in a large
downcomer appears to be a key factor in the better delivery at
large scale. The hot leg test showed that saturated water
runback to the vessel in a hot leg under CCFL conditions is
very close (iS%) to that predicted from the largest subscale
tests (1/13 scale by area). This is an encouraging result
from the standpoint of scaling. Further, this test shows there
is a large margin between typical small break LOCA reflux
condensation conditions and CCFL, and that the major scaled
small break LOCA scaled integral facilities (PKL, Semiscale,
ROSA-IV, FLECHT-SEASET) operated within the hot leg CCFL
boundary, even though not necessarily at ideally scaled PWR
conditions. Finally, evaluation of these data show that
runback of de-entrained water in a hot leg during large break
LOCA reflood is likely to occur in typical US PWRs, and the
data successfully explain the observation of runback in SCTF
(full-height oval hot leg) and the lack of runback in CCTF
(scaled height hot leg).

Introduction

Research on the effectiveness of the emergency core cooling system (ECCS)
in a pressurized water reactor (PWR) has involved a large number of
separate effects and integral tests, essentially all at scaled
geometry. The large number of tests have provided useful data for models
and correlations of various pheonemena, and for assessment of integrated
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computer codes for loss-of-coolant accident (LOCA) evaluation. One of
the residual issues with regard to the accuracy of nuclear power plant
calculations is the uncertainty introduced by calculating at full-scale
while testing and assessing at subscale.

One of the major effects of scale is the impact of flow channel size on
flow patterns and flow regimes in two-phase flow. Particularly during
portions of a LOCA in which velocities are lower and gravitational forces
play a much stronger role, it is known that the size of the flow section
has a significant effect on the flow pattern, on the transport and
retention of water in key areas, and thus on the overall course of a
transient. The latter portion of a large break LOCA and a small break
LOCA are examples of scenarios where gravitational (and hence size)
effects are important. |

Recently, separate effects tests in the Upper Plenum Test Facility (UPTF) |
have provided the first full-scale data on two key two-phase flow j
scenarios in PWR LOCA evaluation. These UPTF data provide a unique |
opportunity to evaluate the effect of scaling up to full-scale and to i
assess the scale-up capability of analytical and empirical models. Also, j
evaluation of these data provide improved insight and assurance about
expected PWR behavior. Accordingly, it is appropriate to evaluate the
data from these tests in this regard and the purpose of this paper is to
describe the results of initial scaling evaluations from these tests.

The two UPTF tests discussed herein and the overall reactor safety
scenarios to which they relate are as follows:

1. Downcomer Separate Effects Test -- This UPTF test investigated ECC
delivery / bypass in the downcomer of a PWR. It is related to the
reactor safety question of how soon and how quickly the vessel
refills with ECC water at the end of the blowdown phase in a large

4

break LOCA. The key phenomenon is the countercurrent flow
limitation (CCFL) in the downcomer (i.e., downflowing water in the
face of an upflowing steam / water mixture) which is strongly affected
by condensation and by the multidimensionality of the downcomer.
This scenario has long been considered to be scale-dependent. US
licensing rules '(10 CFR 50 Appendix K) artificially require no ECC
delivery down the downcomer until blowdown is concluded. Scale test
results from the NRC ECC Bypass Program (up to 1/5 scale by length)
showed ECC does penetrate, and empirical correlations to quantify
penetration were developed in that program. These correlations were
generally thought to be conservative if appl ied to a full-scale
PWR. Accordingly, this UPTF test (which was the first of four
downcomer separate effects tests) helps to accurately quantify full-
scale behavior.

!
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2. Hot Leg Separate Effects Test This UPTF test investigated--

steam / water countercurrent flows in the het leg of a PWR.- It is
related to the reactor safety question of how readily the drain-back
of water occurs in the hot legs durin a small break LOCA
(e.g., during reflux condensation cooling) gand also to how readily
de-entrained water might drain back during the reflood portion of a

|large break LOCA. This issue has been previously addressed with
separate effects tests up to 1/13-scale (area). Accordingly, the

| UPTF data provide the first full-scale glimpse at this phenomenon.

This report presents brief overviews of UPTF and of the two tests (all of
which have been presented elsewhere) and discusses the scaling evaluation
of downcomer and hot leg phenomena.

Sumary Description of UPTF
1

The UPTF has been previously described (References 1 and 2) and is
briefly discussed here with emphasis on the downcomer and hot legs.

.

UPTF simulates a 4-loop German PWR which is similar to a US 4-loop
Westinghouse PWR (Figure 1). A full-size reactor vessel and piping (four
hot legs and four cold legs) are included in UPTF. ECC can be injected
in the hot and/or cold legs of all four loops, or in the downcomer. One

'

of the four loops contains break valves which are piped to a large
containment simulator tank. The four steam generators are simulated by
four s. team / water separators and the four reactor coolant pumps are

,

simulated by four passive, adjustable resistances. The reactor. vessel
upper plenum internals and top-of-core are full-scale replicas. The core

,
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is simulated by a steam / water injection system with 193 nozzles, one for
each active fuel assembly which would be present in a PWR. UPTF was
originally designed as an integral system test facility covering the end-
of-blowdown, refill and reflood phases of a large break LOCA; as
discussed in this papeP it has also proven very useful as a full-scale
separate effects facility covering both large and small break LOCA
phenomenc. UPTF can operate at up to 18 bar (260 psia) pressure and
220*C (428*F) temperature.

The UPTF vessel downcomer (Figure 2) has an inner diameter of 4.370 m
(14.3 ft) and an outer diameter of 4.870 m (16.0 ft), giving a gap of
250 m (9.8 in). The height of the downcomer from the lower edge of the
downcomer skirt to the cold leg centerline is 6.64 m (21.8 ft). The four
750 m (29.5in) cold leg nozzles are spaced around, the downcomer as
shown in Figure 2. The lower plenum is 2.48 m (8.14 ft) high from vessel

bottom dead-centgr to thg). lower edge of the downcomer skirt and has avolume of 24.9 m (880 ft This volume is slightly less than that of a
Westinghouse PWR due to the presence of core simulator piping in the UPTF
lower plenum. Table 1 compares UPTF downcomer and lower plenum
configuration with that of typical bestinghouse and Combustion
Engineering (CE) US PWRs*.

* Babcock & Wilcox (B&W) PWRs are not discussed herein because these
UPTF tests are relevant mainly to Westinghouse and CE PWRs. Future
UPTF tests will cover conditions relevant to B&W PWRs.
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TABLE 1
|

COMPAR1 SON OF UPTF 00WNCOMER A2
LOWER PLEWM CONFIGURATION WITH TYPICAL

WEST!nsHouSE AT ComuSTIon EnsINEEntns (CEi PW]R

UPTF Westinghouse CE PWR
Parameter Value PWR Value Value

Downconer Co 4.87 4.39 4.63
m (ft) (16.0) (14,4) (15.2)

Downcomer Gap 250 260 254
sun (in) (9.8) (10.2) (10.0)

Downcomer Height, 6.64 5.33 6.46
Skirt to Cold Leg Center n (ft) (21.8) (17.5) (21.2)

i

Lqwcr glenus Volune 24.9 29.7 22.5
,

mi (ft ) (880) (1049) (794)
'

1

.

Each UPTF hot leg (Figure 3) is 750 m (29.5 in) inner diameter and has a
total lateral run from the vessel to the steam generator simulator of

'

about 8 m (26 ft). A 50' riser section rises 0.91 m (3.0 ft) at the end
of the hot leg attached to the steam generator simulator. In the
horizontal section of hot leg, an internal ECC injection pipe ("Hutze")
is located along the bottom edge of the pipe (Figure 4). There was no
injection through the Hutze in the tests discussed in this report,

1

1.e., it i The Hutze blocks an area of2 (s a dead space in the hot leg.20.478 ft ), about 10 percent of the total pipe area. A Hutze0.0444 m
is present in Gerrian PWRs but not in US PWRs. Table 2 compares UPTF hot
leg configuration with that of typical Westinghouse and CE US PWRs.

|

TABLE 2 I

COMPARISON OF UPTF HOT LEG CONFIGURATION WITH TYPICAL
WESTINGHOUSE AT CONU5 TION ENGINEERING (CE) FWR'S

. UPTF Westinghouse CE PWR
1 Parameter Value PWR Value Value |
I

|

Diameter, m (in) 0.750(29.5) 0.737 (29) 1.07 (42)
i

Hydraulle Diameter, m (in) 0.639(25.2) 0.737 (29) 1.07 (42)

Flow Area, m2 (ft ) 0.397 (4.28)* 0.427 (4.59) 0.894 (9.62)
2

l

* 0.4418 m2 within diameter minus 0.0444 m2 blocked by "Hutte".
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Overview of UPTF Downcomer Separate Effects Test

The test conditions and results from the first VPTF Downcomer Separate
Effects test are described elsewhere (Reference 3) and are briefly
reviewed here. The test was run in two phases: transient and steady. In
both phases the loops were blocked at the pump simulators, and the cold
leg break valve was used to allow flow to discharge from the system.
Also in both phases, 30*C (86'F) ECC was injected into the three intact
cold legs at a rate of 500 kg/sec/ loop (1100lb/sec/ loop) A small
amount of nitrogen (about 0.15 kg/sec/ loop or 0.33 lb/sec/ loop) was
injected with the ECC to simulate the nitrogen coming out of tolution in
a PWR accumulator.

In the transient phase, the facility was initialized at 18 bar (260 psia)
with the cold leg break valve closed and the containment at 2.5 bar
(37 psia). The lower plenum was approximately half full of saturated
water. The test was initiated by starting ECC flow to the cold legs and
opening the break valve to full-open at about the same time. This
produced a depressurization transient with steam (from expansion and
flashing) and entrained water escaping up the downcomer and out the
break, and subcooled ECC water entering the top of the downcomer from the
three intact legs (Figure 5). The transient lasted about 25 seconds.

Broken / *

""Cold Leg / / Cold Leg '

r

/ q /
" ", i ,s

/ % ECC

Steam riov / / " "
g

Down Core Du g g j
Dep ination /

p
'

l |
I

Core

t }-
m -

] | /d

/ I"i /i ,

( = = => S t eam riow
Water riow

Notes-

For Simplicity,
-

risoning/Entrainment Hot Lega Not Shown
Due to Depressurisation

DIAGRAM OF FLOW CON 0lTIONS OURING TRANSIENT PHASE
OF UPTF 00WNCOMER SEPARATE EFFECTS TEST

FIGURE 5

149



In the stea'dy phase, the facility and containment were initialized at
2.5 bar (37 psia) with the cold leg break valve fully open. There was a
small initial saturated water inventory in the lower plenum. To start
the test, a preprogramed steam flow of about 320 kg/sec (705 lbm/sec)
was injected in the core which flowed to the lower plenum, up the
downcomer and out the break. After a few seconds, ECC injection in the
cold legs was initiated (Figure 6). The downcomer test was over in about
20 seconds at which titre the lower plenum filled to nearly the bottom of
the core.

As discussed in Reference 3, the transient phase showed a mixture of ECC
bypass (out the break) and delivery down the downcomer. At the
conclusion of the blowdown the lower plenum was nearly full, i.e., the
inventory increased during the transient. Local downcomer measurements
showed a strong asymetry in the flow, with ECC delivery preferentially
occuring on the side o# the downcomer away from the break. The steady
phase showed nearly complete penetration (about 80 percent) of ECC down
the downcomer against the upward steam flow. Once again, local downcomer
measurements showed strongly asymetric flow with ECC penetration
favoring the side of the downcor.er away from the break.
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Evaluation of ECC Delivery / Bypass Scaling
i

To best quantify the results of the UPTF downcomer separate effects test
for evaluation of scaling, mass balances were performed for each test
phase. The results of the mass balance are shown in Figure 7 for the
transient phase and in Figure 8 for the steady phase.

Figure 7 shows that when the transient started there was a period during
which ECC was stored in the intact cold legs. This storage was inferred
from thermocouple rakes in one cold leg which showed subcooling appearing
at all locations over this time frame. There were no direct measurements
of the amount of mass stored; the curve shown assumes the closed end
pipes filled according to the injection rate. Vessel inventory decreased
slightly while the legs were filling due to flashing.

When the cold legs filled and water was being delivered to the downcomer,
vessel inventory rapidly increased, indicating ECC del i very. Small
indications of bypass out the broken cold leg first appeared at this time
is well . Over a period of about 15 seconds, delivery and bypass both
occurred. The "spike" in delivery is apparently attributable to a brief
emptying of the cold leg inventory -- a corresponding decrease does not
appear in the cold leg curve because cold leg inventory was inferred
rather than measured, as discussed above. At the end of the
depressurization (about 25 seconds), the lower plenum was essentially
fall and less than half the injected water had been bypassed out the

- broken cold leg.
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i Figure 8 shows that during the steady test there was also an initial
period during which the cold legs filled, followed by substantial
delivery to the vessel with limited bypass out the broken cold leg. At-

approximately 20 seconds after the start of ECC injection, the lower
plenum was essentially full, and only 20 percent of the ECC had been
bypassed out the broken cold leg.

I

j The evaluation of scaling using the UPTF test results was found to be
most useful using the steady phase test results; accordingly, they are'

discussed first below. Figure 9 shows a downcomer dimensionless flow
plot using the parameters j * and jf* whereg

Mg (p g)1/2 /p A ((p f - p g) gW)1/2j* =
gg

f(Pf)1/2 /pf A ((of - p g) gW)1/2j f* M=

where M = mass flow rate of gas or liquid
2 2A = downcomer area (3.62 m or 39 ft for UPTF) |

p = density of gas or liquid

g = gravity

N = downcomer circumference (14.5 m or 47.6 ft for UPTF)
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From previous scaled tests in the NRC ECC Bypass Program (References 4 -
8), j* correlations were developed using data'from 1/30, 1/15, 2/15 and '

1/5 scale (by length). A convenient summary of the correlations is in
|

Reference 4.
,

|

| The curves shown on Figure 9 represent the CCFL boundary calculated for
UPTF based on the largest scale data available from the previous scaled
tests (1/ 5-scal e) . The four lines show four possible approaches for

|
calculating the UPTF boundary: the two lower curves represent a "constant
momentum flux" scaling approach with two different forms of correlating
the 1/5-scale data; and the two upper curves represent a "constant j*"
scaling approach with two different forms of correlating the 1/5-scale
data. The two correlation fonns (labeled 1 and 2 on Figure 9) each
correlated some of the subscale data more favorably -- there is no clear
basis for recommending one over the other. The lower curves are the NRC-
recommended approach for downcomer CCFL based on the scaled tests in the
NRC ECC Bypass Program. The upper curves represented a more "realistic"
approach which was not recommended by the NRC because it could not be
demonstrated to be conservative at full-scale based on the scaled
tests. The main result of the UPTF downcomer separate effects test is
that the full-scale test shows more ECC penetration than would be
predicted by either the NRC-recommended or realistic approaches at full-
scale. Hence, there appears to be a beneficial effect of large scale,
which may 'be related to improved condensation, to large channel
hydraulics, or to both. The observation of the strong asymmetry in the
downcomer, i.e., preferential ECC dcwnflow on the side away from the
break (see Reference 3), indicates that the large channel effect is
probably sign.ificant.

The main result of the transient phase of the downcomer separate effects
test is that it showed that ECC penetrates the downcomer and refills the
lower plenum even while the primary system is continuing to
depressurize. Although scaled tests suggested this would occur, this
full-scale test provides the best direct evidence. The UPTF test was
reasonably PWR-typical with regard to lower plenum inventory and ECC
subcooling. The ECC injection rate was somewhat low and the
depressurization somewhat prolonged in comparison to a typical PWR LOCA,
but these differences do not affect the validity of the overall result
discussed above. The main use of the transient case is as a full-scale
benchmark analysis case for computer codes.

It is not feasible to run in UPTF a direct counterpart transient test to
previous scaled ECC bypass tests, due to some particular choices (non-
PWR-typical) made in plenum volume and containment pressure in the
previous scaled facilities. Accordingly, future downcomer separate
effects tests will focus on steady-state downcomer CCFL conditions, in an
attempt to further evaluate scaling by comparing UPTF results with CCFL
curves derived from previous scaled tests.

1

>
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Overview of the Hot Leg Separate Effects Test

The test conditions and results from the UPTF Hot Leg Separate Effects
Test are described elsewhere (Reference 9) and are briefly reviewed
here. The test was run using only the broken loop hot leg of the UPTF.
The test was perfonned as several steady phases, each consisting of steam
injection into the primary vessel which flowed out the broken loop hot

| leg, and saturated water injection in the steam generator simulator
| plenum which could either flow back down the hot leg toward the vessel or

out of the system thrcugh the steam generator simulator (Figure 10). Six
separate steady flows were obtained at 3 bar (44 psia) system pressure
and 10 flows were obtained at 15 bar (218 psia) systcrn pressure. In all
cases water flow was e:stablished prior to steam flow. The intent of
obtaining several flows at each pressure was to "map out" the CCFL
boundary. Also, one of the flows at 15 bar simulated conditions in a
Westinghouse 4-loop PWR during the reflux condensation mode, which can
occur during an SBLOCA.

: Seebon B-8
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Figure 11 shows the measured flows at the two test pressures, and
Figure 12 shows the data on a dimensionless j* plot, where

g (P )1/2 /p A (p f -p g) gD )l/2Mj* =
g g hg

Mr(P)1/2 /of A (@ f -p g) gD )l/2j f* =
f h

The variables are as defined previously and Dh is the hydraulic diameter,
which is .639 m (2.10 ft) for the UPTF hot leg at the "Hutze".
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I

On the j* plot, the 3 bar (44 psia) and 15 bar (218 psia) data correlate
favorably. The line drawn through the data on Figure 12 is the "best-
fit" experimental correlation to the UPTF data. )

'

The results of this test provided direct demonstration that there is
significant margin against hot leg CCFL during the reflux condensation

i phase of an SBLOCA. This is shown in Figure 12 by the fact that the
!

"typical" point is substantially below the CCFL boundary. This point was
chosen based on conservative assumptions such as relatively high power !

and one steam generator inactive, etc. Accordingly, this result provides
direct and convincing evidence that substantial margin exists.

:'

Figure 13 shows the measured hot leg level and void fraction for all of '

the tests, plotted against j *, the dimensionless gas flow. These data
are from a three-beam gamma Oensitometer located just on the vessel side ,

,

of the hot leg riser bend, as shown on the figure. There is no "Hutze"
obstructing the bottom of the hot leg in this short section of hot leg.
The data clearly indicated a stratified regime and show significant water ;presence in this region of the hot leg. These data appear to show that '

CCFL is being controlled by the hot leg (i.e., CCFL is not occurring in i
i the riser or steam generator simulator), since water is not absent from

,'the hot leg when there is zero net penetration to the vessel.
'
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Evaluation of Hot Leg CCFL Scaling

Several theoretical and scaled. separate effects studies of hot leg CCFL
or generalized horizontal channel CCFL have been carried out. incluo~ing:

1/13 scale by area compared toRichter. et al (Reference 10) ---

Westinghouse PWR
|

Gardner (Reference-11) -- Theoretical|
-

.0254 m (1-inch) square . channelWallis (Reference 12) ---

.' (approx. 1/660 scale by area compared to Westinghouse PWR)

Ohnuki (Reference 13) -- 1/840 scale to 1/93 scale by area-compared-

to Westinghouse PWR

1/210 scale by area compared toKrolewski (Reference 14) ---

Westinghouse PWR

Also, Transient Reactor Analysis Code (TRAC) predictions of the UPTF tost ;

were perfonned. Each of these previous studies provides a way to predict
full-scale hot leg CCFL behavior. In all cases, j* is the key parameter -

d

1 in scaling.

Figure 14 shows the UPTF data compared to the full-scale predictions
based on five of the six studies mentioned above, on a j* plot. In the ,
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COMPARISON OF UPTF HOT LEG VOto FRACTIONS TO
WALLIS CORRELATION

FIGURE 1s i

case of the Wallis correlation, which is a j*/ void fraction correlation.
| the comparison is on Figure 15. The results of the comparisons shown on

Figures 14 and 15 are as follows:
1Very close agreement is obtained between the UPTF data and the-

Richter, et al correlation, which is the largest subscale data '

previously available. The agreement is 15 percent. This agreement ,

confims that the j* correlation approach appears to be valid. The
close comparison indicates that scaling up across an order of

!

,

magnitude (ba;ed on pipe area) is successful and is therefore an '

encouraging result.
< '
,

,

j Close agreement is obtained between the UPTF data and the Wallis-

: correlation which is based on void fraction rather than liquid
ficw. This indicates that the basic approach of this correlation,

j (once again, a j* correlation) a, Dears correct for scaling, but that
implementing this model to calculate liquid flows is dependent on
knowing an accurate void fraction.

)
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Significant -deviation is observed in the case of the Ohnuki and-

Krolewski correlations. This is considered to be due to the small
scale of the underlying tests and the strong effect of the riser
bend in the previcus tests. The Ohnuki tests, for example, showed
that changes in the geometry of the riser section (e.g., length and
angle) could significantly affect the flooding. It is not known if
this sensitivity is PWR-typical; this makes it difficult to "scale-
up" these small-scale results.

The predictions using the Gardner theoretical model do not agree-

favorably with the UPTF data. The flooding mechanism presumed in
the model (i.e., unstable stationary disturbance) does not appear to
realistically reflect the true flow behavior in a PWR hot leg.

The predictions from TRAC show a nearly "bi-stable" behavior with '

-

changing gas flow rather than the gradual CCFL boundary. The
reasons are still being investigated.

Overall, the comparison with previous theoretical and scaled results is |

very favorable in that the results from simulated hot leg separate
effects tests with one order of magnitude lower uea were sufficient to
accurately predict full-scale behavior.

In addition to these separate effects comparisons discussed above,
several PWR integral tests of small and large break LOCAs have been
conducted. In the small break case, these facilities demonstrated reflux
condensation occurs without apparent hold-up due to hot leg CCFL. The
major small break facilities investigating reflux condensation are:

Semiscale (References 15 and 16) -- 1/1705 scale-

FLECHT-SEASET(Reference 17) -- 1/307 scale-

PKL (References 18 and 19) -- 1/134 scale-

ROSA-IV LSTF (Reference 20) -- 1/48 scale-

The conditions achieved in reflux condensation tests in the four subscale
SBLOCA facilities are plotted on a j* graph along with the correlation of
UPTF results in Figure 16. Also shown in this figure is a band of "PWR
conditions" which roughly envelope SBLOCA reflux condensation
conditions. This figure shows that although the scaled facility
conditions tend to be scattered about the graph, they are all well within
the CCFL boundary, as are the PWR conditions. The PKL points, which
deviate most from PWR conditions, tend to be a result of the hot leg area
scaling used in these tests, which did not seek to preserve j* as in the
other tests. The major conclusions, though, are that for all of the
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| facilities, the observation of reflux condensation without hold-up from
i

! hot leg CCFL is consistent with the UPTF data, and that the scale |
facilities did not distort PWR hot leg behavior in a major '

phenomenological way.

The reflux condensation results are applied to US PWR's on Figure 17.
This figure shows hot leg CCFL curves calculated for the most limiting

'

Westinghouse and CE plants (3800MW(t) in both cases) at 80 bar
. (1160 psia). Also shown are conservatively calculated SBLOCA reflux
j condensation conditions for both plants. The large margin is evident in

both cases.;

i in the large break case, hot leg CCFL is only an important consideration
during the reflood phase of the transient. The major, large scale

j reflood facilities which allow a detailed evaluation of hot leg effects
are: '

i

Cylindrical Core Test Facility (CCTF) -- 1/21 scale-
,

Slab Core Test Facility (SCTF) -- 1/21 scale with full-height hot-

le9i
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FIGURE 17
.

In CCTF, no evidence of counterflowing water during reflood was observed,
i.e., any water reaching the hot legs tended to be swept through the
primary coolant loops by the steam flow. In SCTF, though, hot leg water
runback to the vessel by countercurrent flow was observed and cirectly
measured. It is noted that due to the unique cross section of tite SCTF
hot leg (oval) there may have been greater de-entrainment and more water
available for runback in the hot leg.

!

The conditions achieved in the CCTF and SCTF large break reflood tests ;

are indicated on a j* graph along with the correlation of UPTF results in i

Figure 18. The steam flow j* associated with typical PWR reflood 1

conditions is also shown on t0is graph. As indicated on the graph,
counterflowing water during reflood would be expected in SCTF but not in
CCTF, i.e., consistent with observations. The CCTF/SCTF difference is 1

due to the height of the hot leg (full-scale in SCTF but not in CCTF). 1

'

The figure shows the SCTF results, in this regard, are closer to PWR-
typical. As Figure 18 shows, counterflowing water would be expected in
both Westinghouse and CE PWR's.
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Conclusion

The UTPF Downcomer Separate Effects Test and Hot Leg Separate Effects
Test have provided useful information for evaluation of scaling. For
both tests the direct results convey favorable and encouraging
conclusions, i.e., water penetrates to the reactor vessel through a
downcomer or a hot leg as well as or better than would be predicted from
subscale results. For the downcomer situation, the present test data do
not provide a bror.d enough base to evaluate the accuracy of scaling CCFL
up from previous tests. The UPTF results presently available though, do
suggest that j* scaling from previous scales proviaes at least a
conservative approach, and that determination of a precise realistic
approach will have to await upcoming UPTF test results. In the hot leg,
the UPTF data show that predictions from the largest subscale tests
(Richter, et al at 1/13 scale based on area) are quite accurate
(15 percent). The correlation which gives this successful scaling is
based on the j* parameter, indicating it appears to be the correct
approach. Application of the UPTF hot leg results to US PWR's indicates
that: (1) during SBLOCA reflux condensation, there is a significant
margin between actual flows and the CCFL boundary, as expected; and
(2) during large break LOCA reflood runback is likely for water de-
entrained in the hot legs.

;

4
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TIIE COOLDOWN ASPECTS OF TIIE TMI-2 ACCIDENT
by

; T.G. Theofanous
Department of Chemical and Nuclear Engineering

University of California
Santa Barbara, CA 93106

.

The cooldown of the Th!I-2 reactor vessel due to high pressure injection
that occurred at 200 minutes into the accident is re-examined. Flow regimes and
condensation heat transfer in the cold legs and downcomer are considered. The
presence of noncondensibles (hydrogen) and a mechanism leading to its accumu-
lation around the condensation interfaces lead to conclusions that are materially
different from those of a previous study that did not consider these effects.

1. INTRODUCTION

Previous studies on the Thermal-Hydraulics of the Th!I-2 accident have focused on
phenomena leading to core uncovery, associated heatup and eventual degradation. With
the recent interest in the Pressurized Thermal Shock (PTS) issue [1] it would be interesting
to consider, also, the cooldown behavior, particularly that associated with the actuation
of the High Pressure safety Injection (HPI) system (2].

In fact, the B&W Owner's Group (OG) task force on PTS considered this prot lem
soon after the accident (3]. The phenomenology invoked in this assessment is schematically
illustrated in Figure 1. The basic idea is that the vent valves allowed steam from the rest of
the primary system to flow towards the HPI stream and to condense on it, thus heating it
from the rather low initial temperature cf T ~ 10*C (50*F) to a considerably higher leveli
before it reached the cold leg exit into the downcomer. Based on condensation rates alone
this exit temperature, T,, was estimated at 207'C (406' F). On the other hand, neglecting
(conservait ly) the quantity of steam ahrady stored within the voided portions of the
primary system, an estimate based on available decay heat (i.e., steaming rate) of 141*C
(286*F) was given. The fracture mechanics analysis for the ThfI 2 vessel was carried out
at 141*C (286*F).

In fact within the assumptions of the CG analysis the limit based on condensation
rates is conservative, while that based on the decay heat is irrelevant. Each part of this
statement is clarified, in turn, below.

The condensation rates were based on the stratified regime (Figure 1), and did not
consider the jetting / splashing phenomena (Figure 2) at the point of injection. We have
estimated that just over the jet length a heatup to 115'C (249'F) can be expected (4].

167



_

Vent Valve7 HPl (T )-i

)

Steam Condensation

TTTNTTD ''* c,

. . . .
.-. cc: =. 3 -

-

.m

l

252

Fig.1. Owner's Groui> evaluation model

Considering the increased interfacial area (wall films, entrainment of drops into the va-
por space) generated as the jet splashes against the opposite wall, most of the heatup
should have occurred prior to the flow's entering the stratified regime. It does not appear,
therefore, that condensation rates could have imposed any limitations on achieving near
saturation temperatures at the cold leg exit (i.e.,284*C or 543 F at 1,000 psia).

The decay heat is available to generate steam for only so long as the core remains
covered. The fact that a voided cold leg condition is bei,g addressed implies a core
already uncovered or well on its way to being so. Thus a portion of the decay heat, equal
(roughly) to the portion of the core that still is in contact with liquid coolant should be
utilized. In fact, at TMI-2 at the time the HPI was turned on, essentially the whole core
was uncovered and severely damaged. Any steaming estimates must, therefore, be based
upon fuel quenching and water availability to this process, rather than decay power levels.
On the other hand, the steam content of the various voided parts of the primary system
could be significant but was neglected in the OG analysis. Even the liquid still present in
the lower elevations could have been activated into steaming if the already existing steam
inventory continued to deplete and system pressure decreased. This flashing process could
further be aided by energy stored in structures still wetted.

There is another aspect to this problem, however, that dominates the heat-up process
to such an extent that any uncertainities associated with the above mentioned complex
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phenomena affecting steam availability are negligible by comparison. This aspect arises
because of the presence of noncondensibles, that is, hydrogen and fission product gases, in
mixture with the steam. Noncondensibles are notorious in degrading the performance of
process condensers. They impose an additional, diffusional, resistance to the condensation
process, and because they tend to collect in the immediate vicinity of the condensing
interfaces, they can be detrimental even in trace quantities. Even more importantly, in the
present case, we will demonstrate a mechanism which leads to continuing accumtdation of
noncondensibles within the cold leg and eventually to shutting off the condensation process.
The rate of accumulation is proportional to the heatup of the HPI (i.e., proportional to
the condensation rate), yielding a self-regulating behavior whereby condensation shut-off -

is rapidly obtained independently of the details used in the calculation.

The purpose of this paper is to reassess the TMI-2 vessel wall temperature transient,
due to HPI, in the light of the phenomena introduced above. The assessment proceeds
in two steps. In the first, a simple analytical model is used to quantify the condensation
transient, as affected by the accumulation of noncondensibles, and hence to arrive at the
temperature transient of the HPI water entering the downcomer. In the second step, these
results are used in conjunction with methods adapted from past PTS thermal mixing
analyses (5) to determine the vessel wall temperature.

2. THE CONDENSATION TRANSIENT
Formulation of the Analytical Model

Consider the cold 1 g/HPI-stream configuration of Figure 3. The cold leg is horizontal,
its length is L, its volume is V, and it is initially filled with saturated steam at a pressure
Pw The HPI water enters at time t = 0 with a mass flow rate thHPf and a temperature
Tg which is well below the saturation temperature corresponding to the system pressure,
T*(Pw). It forms a stream along the bottom of the cold leg and exits at the other end with

i
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a temperature T,. The cold leg is asstuned to comunicate with an inezhav.atible supply of a
steam / hydrogen mixture such that c.y mass loss from volume V, due to condensation, is
perfectly compensated to maintain . .onstant pressure level Pm, throughout the system.
The mass flow rate of this supply is denoted by thr and its hydrogen content is expressed by
the mass fraction toim. The condensation rate over the whole of the liquid / vapor interface
(area S = t x L) is th|. The removal of hydrogen, from volume V, by absorption into the
water stream may be assumed to be negligible (see Appendix A). As a consequence the
hydrogen density, pi, within the cold leg will increase with time, yielding corresponding
transients on thr, rhj and T,. Our task is to relate these quantities through the relevant
flow and condensation processes.

: L

Ar V p,(t)

5 cn
1

%. e ; i

-e= A,n,

T,(t) ._ g %

-.-** d 2 *~

Fig. 3. Transient condensation model

As the liquid heats up from T to T,, along its flow path, the potential for condensationi

decreases. Condensation rates are, therefore, functions of both time and position, 2, and
'

as a consequence we would expect the composition within the gaseous space to vary as
well. We believe that the essence of the physical behavior may be captured without having
to consider this detail. That is, the whole steam / hydrogen space within the cold leg is
asstuned to be well mixed, and pi s taken to be a function of time only.i

A hydrogen mass balance, over the gaseous volume of the cold leg (without loss of
generality taken as V), yields:

d
-(Vpi) = thr tviw (1)dt

It is convenient to work with mole fractions, xi, instead of densities, and steam mass flow
rates, rh,, instead of total flow rates. The transformations can be carried out as follows:
We use

pi = M ci = M cr xi (2)i i

I and
P + P, Pw| P P, ii

(}| cr = ci + c' RT+RT RT RT
'"

to express the left hand side of Equation (1), as:

d dx '--(Vpi) = V M cr (4)i,

d dt'
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1

For the right hand side of Equation (1) we use

i P Mi P, M,pg i
RT , P + P, = Pw (5)wi = , pg = RT, p,= i

pr

Pi P, M,
Ma s M, , and x, + xg = 1 (6)x g = Pa , x, = Pw ,

to obtain
*'"

" = Mn + (1 - Aln)2iw (7)w'.

Clearly,
ihr = rh + rh, (8)i

and since steam and hydrogen enter the cold leg with the same velocity:

&_g c;Mi _ xix _ xim
th, p, c, M, x,Mn (1 - xiw)Ma

therefore,
. .

1 + the-= m, (10)-
. Mn + (1 - Mn)ximmr = m,

m, . (1 - xix)Mn
Thus, Equation (1) becomes:

dxg = rn, xiw
(l1)di V M,cr 1-xix

The steam flow rate entering the cold leg, rh,, together with the rate of mass depletion of
steam within the cold leg, must constitute the rate of condensation, th|. That is:

th, dx' cr M, V = th, (12)gt

But dzi = -dx, and together with Equation (11), Equation (12) becomes

th, = rh*(1 - zg ) (13).

This result is used in Equation (11) to obtain the final form:

dx4 rhc

7 V M, cr'c'" (14)

Next we must relate rhj to the appropriate temperatures and heat transfer coefficients.
The role of hydrogen in the condensation process is illlustrated in Figure 4. The steam
is assumed to be in thermodynamic equilibrium with the liquid at the interface. If there
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had been no diffusional resistance on the vapor side o( the interface the concentration
distribution would have been unifonn, at rg; the interface temperature would have been

Tg = T*[(1 - rg)Pw) (15)

and the condensation rate would have been controlled by the turbulence in the liquid and
a corresponding heat transfer coeflicient, ho, i.e.,

q = ho{T*[(1 - rg)Pw) - T rpf(:, t)} (16)i

In fact, diffusional resistance of steam against the hydrogen molecules is extremely
important. It gives rise to a buildup of noncondensibles at the interface and a corresponding
decrez.se of the interfacial temperature, as shown in Figure 4. That is,

Tg = T*[(1 - rig)Pw) (17)
l

X, |
-

WM% 7###MHHMHMH/HMHM/#/###A

*-Xi

T *[(1.xn)P } T *i(1 ri)P.,)

o

X

- _ --
,

Tnn (r,0

Wun M MoWWo/us V n # a W o n///u M M M M

:

T I

iFig. 4. Mechanism of condensation in the presence of noncondensibles
|

Now the heat flux is i

9 = ho{T*[(1 - rii)Pw) - T vi(:, t)} (18)ii

and a significant degradation in heat transfer is seen if r,g is significantly higher than
rg. The quantities rig and Tg can be detennined by coupling the mass diffusion process
on the vapor side to the heat transfer process on the liquid side of the interface. For
laminar fk)w this can be donc exactly [G), but for turbulent flow the process remains
poorly understood. The experimental data are scarce and highly non-prototypic (stetun-
air system, low pressures, fihn condensation on cooled walls). Our approach is to express

l
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the degradation in heat transfer as an exponential function of the hydrogen mole fraction
as follows:

q T*[(1 - xgg)Pw) - T rpi(z, t)i x4
= exp - (10)-=

g T*[(1 - zi)Pw] - T ef(z, t)o
ii x1/2

And in combination with Equation (18) we have

#'
q = h, exp - {T*[(1 - zg)P) - T pf(z, t)} (20)ii

2 /2 )1

The basis for Equation (19) is given in Appendix B.

The heatup of the HPI stream can be obtained from an energy balance over a differ-
ential element, dz, as shown in Figure 3. That is,

NiilpI C = lboexp -
' {T*[(1 - zg)P ) - T rpf } (21)ip dz x1,2y

which upon integration yields,

'

' hoS exp { *"''i [
'

'T. - Tg = {T*[(1 - zg)P ) - Ts} < 1 - exp (22)>--

filllPICp
$ . . e

This heatup may also be related to the latent heat of condensation by:

N1ripIC (Te - Tg) = h ,th* (23)p f
:

|

Thus the condensation rate may be written as,

' ' |

rh* = **#'#### {T*((1 - xi)Pw) - T,} < 1 - exp -hoS exp { *"'''' [
'

(24)F
h, rhripic,f

t . . s

and the exit temperature as,
*/ET, = T, + (25)c th ptp ii

The solution, xi(t), is obtained by integrating Equation (14) with zg(o) = 0, in conjunction
with Equation (24). This ignores some initial accumulation due to condensation already
occurring on the makeup flow but does not affect the conclusions of the study. The
quantities thc(t) and T,(t) can then be readily calculated from the last two equations.

The Choice of Parameters for the TMI 2 Case

The relevant geometric dimensions were taken from the design information from
Oconee, which is a B&W reactor similar to TMI-2. From the cold leg diameter of 0.7m
and its length of 8.15m, between the reactor vessel and the pump, a volume of 3.1m is8
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obtained. The volume of the upper im of the downcomer corresponding to each one of the
four cold legs is ~ Im . Considering that a good fraction of the inclined portion of the cold8

3 was chosenleg vohune may not participate in the mixing process a value of V = 3.5m
for the calculations. The sensivity to this parameter was examined by also considering a

3value of V = 2.5m .

The high pressure injection in TMI is believed to have occurred with ~ 15kg/s (7).
We bracket this value by choosing thHPi = 10kg/s for the base case and rhnet = 20kg/s
for a sensitivity case. The inlet water temperature is taken at T = 10*C(50*F). Assuming4

critical open channel flow at the cold leg exit, the water stream is estimated to attain a
depth of Scm, a width t ~ 20cm, and a velocity of u ~ Im/s (for the 15 kg/s injection

2rate). The minimum value of the vapor /liould interfacial area is thus estimated at S ~ im ,

As seen in Equation (24) the interfacial area, S, appears only in product with the
heat transfer coefficient, ho. The effect of higher areas, likely to exist due to splashing
and entrainment as shown in Figure 2, was covered by considering a generous range in
the sensitivity analysis for ho. As discussed in Appendix C a realistic estimate for this
quantity is ho ~ 1,300 BTU /hr ft ,F. Accounting for a moderate increase in interfacial2

area due to splashing and associated enhancement of ho (jet ccendensation, etc.) the low
2end of the range for ho considered in the calculation was set at 5,000 BTU /hr ft *F (i.e.,

nearly a factor of four higher). The base case value was taken nearly as one order of
2magnitude higher at ho ~ 10,000 BTU /hr ft *F. The upper end, at ho ~50,000 BTU /hr

2ft *F represents an enhancement by a factor of x37 and is judged to adequately, cover the
most extreme behavior.

For the base case the liquid heat capacity was taken at c, ~1.3 BTU /lb*F. Because
of the wide temperature range present the sensitivity to this parameter was examined by
considering also the case of cp ~1 BTU /lb*F. The saturation temperatures and latent
heat of condensation (h ,) were obtained from the steam tables. The system pressure,f

Pw, was taken as 1,000 psia. Sensitivity to this parameter was examined by considering
the case of Pm ~ 2,000 psia. The molecular weight of steam is M, = 18 g/g-mole.

As discussed in Appendix B for ry2 a value of 0.05 is deemed appropriate. To
generously cover for uncertainities and not to overestimate the degradation in heat transfer,
a base case value of ry2 ~ 0.1 was selected. The upper end of the range was set at
ry2 ~ 0.2.

Finally, the choice of zgm, must be made on the basis of core steaming and oxidation
rates at the time of high pressure injection (around 200 minutes after the start of the
accident). It is now known that by this time the TMI-2 core had already been severely
oxidized and partially molten. There seems to be some indication that the molten material

| relocated in the lower portion of the core where it froze forming substanital blockages [S).
Eventually some 20 to 30 tons of core material made it into the lower plenum whereI

it was found in a solidified debris form. At 174 minutes the "B" loop primary coolant
pumps were actuated for a short period of time. As a result some loop seal water was
displaced into the reactor vessel yielding a vigorous steaming process as verified by the rapid
pressurization to 2,000 psin seen around that time. The details of this process will remain
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highly uncertain; however, there should be little doubt that the renewed steam availability
reactivated the oxidation processes (hydrogen production). On the other hand, at 142
minutes the pressurizer block valves were closed, they were opened briefly (~5 minutes) at
102 minutes and remained closed until 220 minutes. Allindications are that the pressurizer
remained more than 3/4 full throughout the accident; it is unlikely, therefore, that any
venting of steam (and non-condensible gases) occurred during this brief opening of the
pressurizer block valve. Thus at the time of HPI operation (200 to 217 minutes) the
major fraction of hydrogen already produced and of the fission products released from
the disrupted fuel rods, were still present within the primary system volume. The total
amounts of gases released in the accident are estimated at [0h Kr ~ 3.5 kg, Xe ~ 40.0kg

3and H ~ 510kg.* The total primary system volume is ~10,000 ft Assuming that loop2
8 3seals (~ 2,700ft ) and lower plenum (~ 685ft ) were still full with water the total steam

mass, saturated at 2,000 psia, is estimated at 18,076 kg. A low bound of noncondensibles
mass fraction may be obtained by assuming a homogenous distribution throughout the
steam volume. For Kr, Xe, and H2 we obtain 0.018%, 0.214%, and 2.08% respectively.
Clearly, only the hydrogen is significant. Its contentratica n,ay be obtaincd on a mole
fraction basis as zgm ~ 20.7%. On this basis we chose the values egm = 0.05,0.1,0.2,0.3
and 0.4 to parametrically cover a broad range around the above estimated value. For the
base case we chose z,x 0.2.

Numerical Results and Discussion

The solution for the base case is shown in Figures 5 to 7. A rapid buildup of hydrogen
in the cold leg and a concomitant decrease in steam condensation rate are predicted.
As a result, the HPI water heat up is drastically reduced with cold leg exit temperatures
approaching inlet values within a matter of 1 to 2 minutes. All parameter sensitivity results
lead to the same conclusion. The zgm and ri/2 parametrics are summarized in Figures 8 |and 9. The results of the zgm = 0.4 parametric calculation are given in Appendix B. All '

other parametric results are presented elsewhere [11) and lead to the same conclusion.

3. THE DOWNCOMER COOLDOWN TRANSIENT
1

From the above analysis we expect that cold HPI water, nearly at the injection tem- |
perature of ~50 F, entered the TMI-2 downcomer for the major portion of the injection
period. Our task here is to determine the resulting vessel wall cooldown.

We will attempt to look at the problem from two complementary perspectives. First,
we examine whether any portion of the HPI stream entering the downcomer could have
come in contact directly with the reactor vessel wall. Second, we consider the downcomer
fluid temperature transient as it fills with the HPI.

Direct Contact Mechanisms

The first critical consideration is whether the HPI cold stream comes directly into
contact with the vessel ws!1. An experimental run at the UCSB 1/2-Scale integral thermal

* A quantity of only 25.6 kg of hydrogen would be sufficient to obtain a mole fraction
of 0.4 in all four cold legs.
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Fig. 6. Predicted condensation rate transient for base case,

mixing facility with an injection flow rate of 1.2 kg/s revealed the flow regime indicated in
Figure 10. That is, the stream impinged upon the core barrel side of the downcomer and
fell along it as a well-defined attached film. It is our judgment that this flow pattern should
also have prevailed at full scale under the 15 kg/s flow rate. If there were no obstacles
along the path of this film the flow would have continued smoothly until it reached the
water level within the downcomer. Unfortunately, such obstacles did exist and very likely
caused an abrupt deflection, of the downwards flow, laterally, towards the reactor vessel
wall as illustrated in Figure 11.,

1
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The detailed geometry of those obstacles is illustrated in Figure 12. The obstacles are
called clips. Twenty of them are attached to the core barrel to support the upper end of
the thermal shield. From the design information provided (10), their positions relative to
the cold legs could be determined as illustrated in Figure 13. Clearly, nearly one-half of
the flow must have impinged upon the upper surfaces of those clips causing it to splash
upon the reactor vessel wall. The other half must have continued undisturbed and been
confined between the core barrel and the thermal shield space.

This behavior was actually demonstrated by means of a simple model experiment.
The open air arrangement involved a horizontal acrylic tube positioned opposite a vertical
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Fig.10. Flow regime at 1/2-scale and 1.2 kg/s

wooden wall fitted with a model clip as illustrated in Figure 14. The relative positions,
dimensions (except for the tube diameter), and flow rates of tap water were at 1:1 (full)
scale. The flow regime is illustrated, from several perspectives in Figure 14. The vigorous
splashing and flow diversion away from the core barrel observed in this experiment leave no

| doubt that the areas of the TMI-2 vessel under the cold leg nozzles were exposed directly
'

to near 50*F water.
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A REMIX Type Cooldown Analysis

In addition to the direct contact of cold water discussed above the Thil-2 vessel wall
was gradually exposed to the fluid filling up the downcomer. The situation is illustrated in
Figure 15. Except for the thin thermal plumes (created as the falling films enter the fluid
volume) which mix quickly as they descend, the rest of the fluid voltune would be well
mixed. This situation is very similar to that of a portion of the REhllX procedure utilized
in the usual HPI thermal mixing analyses dealing with a liquid-full cold leg situation (5).
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Let V (t) be the volume of the fluid within the lower plenum and the downcomerf

corresponding to each of the four cold legs as shown in Figure 15. The density of this fluid
is denoted by p,n. The cold stream enters at a volumetric flow rate Q, and a density p,,;

l
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I
:

A fraction, a, of the flow, Q,, which would have to exit if the control volume was fixed in
time is assumed to enter the core, while the remaining, (1 - a)Q,, is utilized to increase
the fluid volume within the downcomer. Based on available flow areas within the core and
the downcomer, the maximum value of a is 0.G. For a fully obstructed core a = 0. In
the presence of vent valves any steam binding would be insignificant. Since the degree of
lower core blockage in TMI is not known, the quantity a is treated as a parameter within
the above range.
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Fig.15. Cooldown model

1
An overall mass balance may be written as

d
g(V m) = QePe - OQ,Pm (26)/P

The rate of change of the control volume is given by

dV
f = (1 - a)Q, (27)dt
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The energy balance accounting for the thermal energy conducted out of the metal structural

| components as they become submerged, Qw, is written as
!

d
g(V pmhm) = Q,pah, - aQ,pmhm + Qw (28)f

Together with the equations of state

p=f(h) and T = g(h) (29)
,

'

we have a closed system of five equations in the five unknowns, namely, pm,hm,Tm,Q,
and V .f

For an approximate estimation of Qw the downcomer was discretized axially into four
equal segments. When the level of fluid volume V reached the lower end of each axialf

segment, the conduction calculation for that segment was initiated and continued to the
end of the calculation. The total heating was obtained by summing up the contribution of ,

all the thus-activated segments. |

Solutions were obtained by marching out, numerically, in time for specified initial
conditions.

Choice of Parameters and Numerical Results

With the exception of the initial fluid volume, V (o), and of the initial temperature off

the non-submerged portion of the structures, the choice of parameters in this rather basic
analytical model is straightforward. The relevant geometric quantities were taken to be
those of the Oconee reactor (see Table 1). The cold water was taken to enter at T, = 50*F

1

with a mass flow rate of Q,p, = 15kg/s. Parametric calculations with T, = 60 F and 70*F
also were performed. As mentioned earlier the value of a was considered parametrically ;

within the 0.0 to 0.6 range.

The possibility that additional condensation upon the core barrel film which would
increase T, prior to contact with the downcomer water level should also be mentioned
here. From the thermal shield length (Table 1) and an assumed lateral spread of ~ 1

2m we obtained an additional condensation surface area of ~ 5.3 m . The downcomer
volume is ~ 6.3 m . Employing the results of the condensation parametrics we see that :8

the additional area (a factor x5.3 from base case) is amply covered by the ho ~ 50,000 !
'

BTU /hr ft2* F parametric caculation (factor of x37). Also as we can see from Equation
(14) the increased volume (a factor of x1.8 from the base case) may be thought of as
compensated by the x% ~ 0.4 parametric (i.e., a factor of x2 from the base case). Thus,
again, unless an unforseen phenomenon strongly mitigates the condensation inhibiting
effect of noncondensibles the values of T, utilized in this analysis would not be materially 1

altered.

The initial fluid volume within the downcomer/ lower-plenum region is uncertain. Prior
to the "B" loop pump actuation the downcomer was essentially empty. There have been

3some estimates, however, that the pumps displaced nearly 1,000 ft of water from the cold
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1

Table 1 - GEOMETRIC CONFIGURATION OF OCONU i

|
'

Injectordiameter. 0.177 ft

Cold Vessel / Im wer Loop Nre nermal I

|leg downcomer plenum Pump se.1 band shield

-

1

Inner diarneter/
width (ft) 2.33 14.22 14.22 -- - -- -

18.6 16.0Iength (ft) 24.5 18.6 -- - -

Base metal wall

thickness (ft) 0.21 0.703 0.368 - - 0.19e 0.167

Clad thickness (ft) 0.01a 0.016 0.016 -- - - -

Insulation
thickness (ft) 0.30 0.30 0.30 - -- - -

Wall heat tr. area
to water (ftr) 179.3 207.7 69.2 - -- 176.8 3M.lb

Internal structures:
2 __ _ ._ _ _ _

heat tr. area (ft ) _

nickness (ft) - - -- -- - - -

Fluid Volume (ft))* IN.5 176.3 153.3 - - - -

8 Assumed
b Both sides
e Percokileg

leg piping into the reactor vessel. This would have been sufIicient to fill the downcomer
completely if the core had been completely blocked, or to fill one-half of the core and
downcomer volumes if free flow into the core had been possible. However, the HPI occurred
nearly one-half hour later, and in all likelihood this was adequate time to allow, again,
downcomer depletion. The value of V (o) was, therefore, taken equal to the lower plenumf

vohune (divided by four to account for the four cold legs). The effect of any larger initial
fluid volume would have been to decrease, somewhat, the cooldown rate.

The initial temperature of the downcomer structures is also uncertain. The water
displaced, by the "B" pumps, from the cold leg piping (loop seal volumes principally) had l
been stagnant for a considerable length of time and it could have cooled somewhat from j
its normal operating temperature of ~ 530 F. We ignore this effect and take all structures I

(core barrel, thermal shield, vessel wall) as well as the fluid within V to be initially atf

530'F. In addition, a parametric calculation was rim assuming a core barrel temperature i
of 1,000*F to reflect, approximately, consistency with the highly degraded core conditions |,

P.t, that time.

The results are shown in Figures 16 to 18. The sensitivity to parameter a is seen
to be rather small. The efrect of the overheated core barrel is also seen to be small. For
the maximum duration of high pressure injection quoted [7], temperatures of ~ 200*F are
being predicted. The breaks in the curves are due to the discretization of the structural
heat input. They are useful in indicating the time-wise progression of the water levelin the
downcomer. In particular the last break, which has been marked in the Figures, indicates
the time that the downcomer is 100% full.

183



. - -_ . - .. . _- . - .. - .

600 , , , i . i , , . i i , i i i

% rus -

500 --

.

400 -

g[D;c
-n.o

b -or

}S o.4

'k:%.h.2 .. .. ' $ [c'-Wr. .
^

'

gu
_

1

a i a , a t a 1 a f a f n I tgg
0 2 4 6 8 10 12 14 16

t (min)

Fig.10. Downcomer fluid temperature transients for base case

600 , , , , . , , , , . . , . . .

500 -

- ee - 0 0 (Mso n = 0 & core tswrci at 1.000' F)

400 's -

[C s
"s o2*

'N$|':z - [ -3%
. . . 0.

' ' -T ':.: .'. . . '5'C:: - .. ... .. [y.~ ---~~ -: x. p'..._.
-' ''200

. . . i . , n , , i , , , i ,ino
0 2 4 6 8 10 12 14 16

t (min)

Fig.17. Downcomer fluid temperature transients for Ta = 60' F

4. CONCLUSIONS 1

|

If the high pressure safety injection that was initiated at ~ 200 minutes took place '

for ~ 15 minutes at 15 kg/s, the TMI-2 vessel wall temperatures reached levels well below
200 F. The principal factor in this conclusion is degradation of heat transfer due to the
presence of noncondensibles (hydrogen, fission product gases). A mechanism leading to
the accmnulation of noncondensibles within the TMI-2 cold legs has been described and
indicates that the above conclusion would be true even if the noncondensible concentration
in the upper plenum area was rather low. The IIPI water is predicted to ha te entered the
empty downcomer at ~ 00' F and a mechanism for direct contact of a portion of this
flow with restricted areas of the reactor vessel wall has lwen demonstrated. On the other

.
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l hand thermal mixing with lower plenum fluid and structural heat limited the cooldown of
downcomer fluid and global exposure of the vessel was to ~ 200 F.

i

l

|
.
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Appendix A

Hydrogen Absorption in the HPI

The mass flux of hydrogen into the turbulent HPI stream may be estimated from [A.1)

o 1/2Du
th ~ CMg (A.1)

A

where D is the molecular diffusivity of hydrogen in water, u' and A are the velocity and
length scales of the turbulence energy-containing eddies, C is the solubility of hydrogen in
water, and M is the molecular weight of hydrogen.

2The diffusivity, D in 20*C water is given [A.2) as 5 x 10-5cm /s. For any other
temperature, T, the diffusivity may be obtained by

#
D = D To p (A.2)

where p is the viscosity rf we.ter at T. For example at 160*C the viscosity is 0.174 cp (A.3]
2and D ~ 4.2 x 10-4cm /3,

The solubility may be related to the partial pressure of hydrogen, P , through Henry's6

law by
P-x=p (A.3) :

7For 100*C water the Henry's law constant K is given [A.3] as K = 5.73 x 10 mmHg.
At a hydrogen partial pressure of 1 bar we can thus calculate an equilibrium hydrogen
mole fraction of 1.32 x 10-5 For a partial pressure of ~100 bar (assuming a high value
of x4) we have z ~ 1.32 x 10-3, which corresponds roughly to C ~ 7.3 x 10-5 g-moles

8H /cm H 0.2 2

The turbulence length and velocity scales are chosen as 8 cm and 30 cm/s respectively
(see Appendix C).

With the above estimates Equation (A.1) yields th = 5.76 x 10-8g/cm''s. The exposed .

area within the cold leg is of the order of im . Thus a hydrogen mass of ~ 3.5g could be |
2

absorbed per minute, or ~ 52g for the 15 minute duration of the high pressure injection. L

3On the other hand, a steam volume of 3.5m at 105 bar at hydrogen mole fractions of
0.2 and 0.4 would contain ~ 3,200 and ~ 6,400g, respectively. Clearly the dissolution
of H into the water cannot provide an effective mechanism for countering the hydrogen2

accumulation caused by condensation.

i ,

,
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Appendix B

Degradation of Condensation Rates Due to Noncondensibles

No directly applicable experimental data could be located in this area. Our approach
'

is, therefore, based on cautious utilization of available data, in low pressure steam / air |
systems.

First, let us consider how the binary diffusivity in the hydrogen / steam system com-
pares with that of the air / steam system. At low pressures the diffusivisity may be related
to the critical pressures, temperatures and molecular weights of the components (B.1)

|

Tc2)s/12 Q + Af }3/2P D? 2 = 3.64 x 10-4 f k.334
2

1

(PciPc2)2/ (Tei (B.1)
L s/TeiTe2 ) L hii 2)

i

2At 533*K this yields P D? 2 ~ 4.91 atm cm /s. This value may be converted to high
pressure using the critical properties of the mixture

P| = [xjPej and T|=[xjTej
i i

'

!

and a graphical representation of the ratio

PD
Po Do

given by Bird et al. (B.1). For example for zg = 0.1 we have T| = 585.3 K and P| = 197.3
bar. Thus K = 0.0 and with the previously obtained value of P Df 2 we obtain, for P =

2102 bar, D ~ 2.0 x 10-2cm /s. At 373 K the same procedure yields D ~ 1 x 10-2cm2/s.
Very similar results are obtained also for z4 = 0.2. At the other extreme of zg = 0.8 |
we have T| = 155.8*K, P| = 54 bar, and K ~ 1. Thus the D ~ 4.8 x 10-2cm /s and2 '

2 x 10-2 2cm /s values are obtained for the high and low temperature cases respectively.
2

These values are to be contrasted with a value of D ~ 0.239cm /s for an 8*C ait/ steam ;
2system and a value of D = 0.634cm /3 for the hydrogen / air system at 0*C and 1 bar. At

100*C the above values are multiplied by a factor of x2 It is clear, therefore, that the
high pressure steam / hydrogen system (present application) would give rise to considerably
higher diffusional resistance to condensation than the low pressure steam / air systems wldch

'

have been previously studied experimentally.

Stein et al. (B.2) carried out experiments of steam condensation in the presence of air.
Condensation took place in the underside of a horizontal cooled copper plate, at system
pressures of 3.1,6.2 and 12.4 bar. We have correlated these data in the manner shown in
Figure B.1. An exponential decay with zi/2 = 0.05 is indicated. This is consistent with
much older data obtained in vertical condensing plate geometries (B.3].
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Fig. D.1. Correlation of the Stein, et al. data [B.2)in tenns
of more fraction of noncondensibles

On the other hand, Stein et al. (B.2] have argued that natural convection effects were
important in tuitigating some of the condensation inhibition efffects of the noncondensi-
bles. If this were true in the air / steam systein it would be even more ituportant in the
hydrogen / steam system. Unfortunately, the information available does not allow the reli-
able evaluation of such efTects, which are, therefore, left outside the scope of the present

Istudy.

In an effort to cover such uncertainties the slower exponential decays of xi/2 = 0.1
and 0.2, as shown in Figure B.1 were also considered in the parametric evaluations. Fur-
thermore, if natural convection effects are important their onset should take place at low
enough condensation rates where the suction due to condensation is somewhat diminished.
Indeed the deviation seen in the data at q/q, ~ 0.1 may be due to this type of behav-
ior. To cover this possibility and acknowledging the absence of data for 9/q, < 0.1 we
have also carried out additional parametric calculations whereby for 24 > xt (where xt
in some specified, limiting value) the q/q, decay is specified to linearly approach zero at
xi = 1. Except for using zgm = 0.3 or 0.4 all other parameters were fixed at the base case
values. The condensation transient for this kind of behavior is shown in Figures B.2 to
B.7. Again a rapid shut off of condensation is observed, although in this case the hydrogen
mole fraction continues to increase approaching values close to unity.
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Appendix C

The Heat Transfer CoeDicient in the Absence of Noncondensibles |

- In the absence of noncondensibles heat transfer is controlled by the turbulence in the
liquid stream. A formulation developed for mass absorption by Theofanous et al. (C.1)
about 10 years ago was found also appropriate for condensation by the experimental work
of Bankoff (C.2) and Thomas (C.3). For heat transfer, using Pr ~ 1, the equations are

St, = 0.25 ret'/4 for Ret > 500 (C.1).

i/2St, = 0.70 ret for Ret < 500 (C.2)

The turbulence Stanton and Reynolds numbers are given by:

h u'A
St, = U'pc and Ret = - (C.3)v

The u' and A, also called integral velocity and length scales have been related to the
mean flow velocity, U, and hydraulic diameter, D, in a couple of different ways. Theofanous
et al. [C.1) used the relations known to apply for pipe flow: u' ~ 0.05U and A ~ 0.03D .3
Bankoff [C.2) suggested that for stratified flow of depth 6:u' = 0.3UandA ~ 6.

Assuming open channel critical flow at the cold leg exit (Fr ~ 1) we can estimate a
liquid depth 6 ~ 8cm and a velocity U ~ im/s. With the Theofanous et al. choices for

.

u' and A and for 100'C water (v = 0.0020cm /s) we obtain Re, ~ 820. The choice of !
2

Bankoff yields even higher values. Thus, the regime of Equation (C.1) is applicable. We
will first show that both choices for u' and A lead to very similar results.

We can define a mean flow Stantoa number by !

h, Nu Nu
St = Up (C.4)a ~

RePr Re ,
-

i

and in combination with Equations (C.1) and (C.3) we obtain
|

St = St, U = 0.25 ret'/4 $ (C.5) !' U :
:

or
p /4u'3/4l

h, = 0.25p (C.0)3j,

Denoting by h[ and hf the heat transfer coefficients based on the Theofanous and Bankoff
choices of turbulence parameters respectively we have:

g = , 5 '
*/4hr '100' '/4

("
'

3

i
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That is a difference between the two predictions of only 38%.

Using Re = 826 in Equations (C.1) and (C.2) we obtain St, ~ 4.66 x 10-2 and
2.43 x 10-2, respectively. Let us choose the value St, ~ 3 x 10-2 In combination with
Equation (C.5) we obtain St ~ 1.5 x 10-3 which utilized in Equation (C.4) Snally yields
h[ ~ 1,004 BTU /hr ft2*F. The Bankoff prediction would then be hl,' ~ 1,620 BTU /hr
ft2*F. An in-between value of ho ~ 1,300 BTU /hr ft2 F will be considered as a best
estimate.

These predictions should be viewed, however, with a certain degree of reservation. The
reason is that the limited experimental data available in this area were obtained at low i

pressures. The concern is that at the high pressures, high subcoolings and high heat fluxes )
of interest here the condensate fluid may be difficult to dissipate by turbulent mixing, ,

yielding stratification and hence a significant reduction of the heat transfer coefficients
from the values predicted above.

NOM ENCLATURE

c concentration
c, heat capacity
C solubility
d diameter
D mass diffusivity (molecular)
h heat transfer coefficient, or enthalpy
K Henry's constant
I width of liquid layer
th Inass flow rate
M molecular weight
P pressure

heat fluxq,

heat flow rateQ
Q volumetric flow rate
R gas constant
S surface area
t time
T temperature
T* saturation temperature
U velocity
V volume |

tv InaSs [ Taction
I mole fraction ,

1axial coordinate-

!

Subscripts
criticale

exit condition,

i
|
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1

fg liquid-to-vapor
HPi high pressure injection
i inlet condition or hydrogen

reference stateo

j ft ratio (of molecular weights)
| steamc

, turbulent
T total
in defines a constant-see Appendix B

,

condition in the reactor vessel 'co

Superscripts
e condensation
Greek

thermal diffusivity or flow fraction entering core, Eq (26)a
A length scale of turbulence
p viscosity
p density

kinematic viscosityv
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BORON MIXING IN THE LOWER PLENUM OF A BWR
by

T.G. Theofanous, E.S. Shabana, and M. Vandenbroek
Department of Chemical and Nuclear Engineering

University of California
Santa Barbara, CA 93106

Current ATWS procedures are rather complicated because of uncertainties
regarding the flow behavior of the liquid poison injected into the lower plenum for
control. The concern, supported by rome old small scale experiments (at General
Electric Co.), is that due to strong buoyancy forces the natural circulation flowi

(less than 30% of rated) would be insufficient to entrain and convect the cold
boric acid solution upwards and into the core area. On the other hand, the
applicability of these experimental results is also in doubt. This is because Froude
number scaling becomes problematic .t small scales. The purpose of this work is
to bypass such concerns by carrying out a set of experimental simulations at full
scale.

Such full-scale simulations are practical because of the high degree of com-
partmentalization of a BWR lower plenum by the control rod guides and the
nearly longitudinal flow of coolant in the interstitial spaces. The experimental
facility represents a lower plenum slice corresponding to G guide tubes in the
neighborhood of the injection standpipe (also included at full scale). The struc-
tural material is acrylic, allowing full visualization. The base flow is created by
recirculating from a 2,000 gal. capacity (water) tank at velocities up to the full
natural circulation strength expected in the reactor. The injection flow consists
of a Nacl solutions In addition to visualization the facility is instrumented
for mapping out the local / instantaneous concentration (conductivity probes) and
velocity (fibre optic laser doppler anemometer) fields.

Data from the first round of experiments will be presented and initial con-
clusions regarding stratification potential will be drawn.
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. CODE DEVELOPMENT EFFORTS

|

1

Slide 1
i

Many boiling water reactors rely on liquid poison, injected into the lower plenum, to
achieve shutdown from postulate ATWS (Anticipated Transients Without Scram) events.
Due to the combination of solute and temperature eF-% the injected solution is ~007o
heavier than the primary fluid, and the potential for i .s stratification (settling) into the
lower plenum under the relatively low natural circulation flow velocities has been recog-
nized long ago. The General Electric Company has obtained mixing data in a 1/G-scale
simulation facility. Their data remain unavailable (proprietary), although indications are
that they exhibit a strong tendency to stratify for recirculation flows less than ~207o of
rated. This lead to complicated operator procedures and an interest to model the mixing
process in a form appropriate for use in system's codes (i.e., TRAC-BWR).
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Slide 2

The complications arising from inadequate mixing can be understood in terms of this
slide, obtained from a 1982 BWR Owner's Group letter to the NRC. As seen, the mixing
efficiency approaches zero at ~5% of rated flow, while it seems to reach a nearly constant
upper value of ~75% for flows higher than ~20%. On the other hand, the core power
shows a linear decrease with recirculation flow, due to a corresponding increase in core
void fraction. The combined effect on an ATWS transient is to produce the strongly
upwards concave curve of suppression pool temperature, as shown above. That is, at high I

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 is prolonged such
that even at the low power levels suppression pool overheating is obtained. According to
this figure the operators should maintain reactor water level such as to produce the 20% '

flow required for the minimum in pool temperature rise. At present there is a proposal
made to the NRC 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 rtre
not particularly condusive to safety and provide the motivation for the closer examination
of the boron mixing phenomena that is the subject of this study.
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Slide 3

The lower plenum geometry of interest has been schematically illustrated in Slide 1

' l'

) e !!! l 11 4 iL c 1 r iti ! s li 11 it ( ct - i> - .

a} e i' ' l i (

It ixi ig ist tli 't i al inn tli f t : ) t-

1)tocess described rd>ove). It is characterized by the incan flow streanling cross to t 1 (1 '
l>cs an( he solution setthlig through it. This presentation is factised on the first - '

regirne. We } ave also exarnined the second one and found it to be rather effective,
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,

AT SMALL SCALES FORCES

LARGE DISSIMILARITY IN
l

Re ~ U D/v

AND MOMENTUM FLUX

1

Slide 4

The GE data were obtained in a 1/6 scale geometrically-scaled facility using Froude
number similarity. This approach is rather limited because, as seen above, at smrdi scales
Froude number similarity causes large Reynold's number and momentum flux dissimilar-
ities. This is particularly important in the present geometry that involves high Froude
number injections (i.e., strong momentum effects) and an impinging jet geometry. These
considerations led us to the decision to study this problem, experimentally, at full scale
(i.e.,1:1).
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Slide 5

As shown, the UCSB facility simulates a 3 x 3 array of control rod guides. The
injection line, also at fidl scale, is shown to take suction froin the injection tank. In the
experiments reported herein the injection consisted of a sugar / salt solution with a density

3of 1.3 g/cm (~10% sugar and 14% salt). A positive displacement pump can provide
up to ~10 gpm per nozzle, and four-nozzle injections were employed in the present set
of experitnents. The recirculation tank (1,000 gal. capacity) holds, initially, fresh water
at room temperature. The recirculation pumps can provide up to 2,300 gpm, which is
more than adequate to provide simulations of up to 30% of rated flow recirculation. The
recirculation flow is measured by a venturi, the injection flow by an orifice, and the salinity
of inlet and outlet flows by conductivity probes. Dye injection and video records are also
used to determine mixing regimes and the onset of stratification. Daflies placed within the
lower plenum help even out the flow and preliminary subchannel flows measured by a dye
injection technique indicate a uniform flow within 10%.

l

l

i

i
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CONCLUSIONS !,
1

l

. ALL BORON INJECTED WITH NATURAL CIRCULATION l

STRONGER THAN ~ 5% OF RATED IS ENTRAINED
AND CONVECTED INTO THE CORE

. CURRENT ATWS PROCEDURES COULD BE
BENEFICIALLY REVISED

WORK IS CONTINUING
TO BETTER QUANTIFY RELEVANT PHENOMENA

Slide 0

The first round of visualization experiments (videos shown in the presentation) were
conducted at recirculating flow rates equivalent to 15%,10%, and 5% of rated flow. At the
first two levels the injection flow was fully mixed and entrained with the recirculation flow.
The 5% flow level exhibited the onset of stratification (settleing). The demarcation seems
to be rather abrupt, although it would appear that the settled flow from this last case could
be easily dispersed in the horizontal mixing regime mentioned in Slide 3. Future work will
employ CaCl solutions (up to op/p of ~30%, which is considered close enough to the j

2

40% value applicable in the reactor case ) and conductivity probes as well as local velocity
measurement by a Laser Doppler Anemometer (in the fibre optic mode-FOLDA). With
reference to Slide 2, it is expected that, on the basis of these results, ATWS procedures
could be beneficially revised. Work along these lines is also underway.

!
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MULTI-DIMENSIONAL RCS NATURAL CIRCULATION l

DURING A PWR SEVERE ACCIDENT

James T. Han I
l

Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Comission

ABSTRACT

This paper sumarizes the scope, st:.tus, and the
preliminary findings of the NRC-sponsored research
programs addressing multi-dimensional natural
circulation in the reactor coolant system (RCS)
during a PWR station blackout accident in which the
auxiliary feedwater to steam generators is also lost
(the TMLB' accident).

,

1. INTRODUCTION

Multi-dimensional RCS natural circulation is buoyancy-driven
coolant circulation in the steam-filled space above the water
level in a PWR core. It consists of circulation flows
between the uncovered core and the upper plenum (in-vessel
circulation) and counter-current flows in the hot legs and
steam generators (ex-vessel circulation), as shown in Fig. 1.
This kind of natural circulation serves as a means of
transferring the heat from the uncovered core to the upper
plenum structures, hot leg piping, and steam generator tubes.
As a result, the reactor coolant system (RCS) pressure
boundaries may be heated to high temperature at which the
structural integrity is challenged. ;

The multi-dimensional RCS natural circulation is likely to occur
during the core uncovery period of a PWR station blackout acci-
dent in which the auxiliary feedwater to steam generators is
also lost (the TMLB' accident). We are currently studying the
assumed TMLB' accident in the Surry Plant, which is a Westing-
house three-loop plant. Effects being addressed are the RCS .

structural integrity, initial conditions and likelihood for I

high-pressure melt ejection that may lead to direct containment
heating (DCH) and challenge containment integrity, and the
release of fission products and hydrogen to the containment.

,

An extensive review of this issue was presented in NUREG-1265
(Ref. 1) and also in Appendix J of NUREG-1150 (Ref. 2). An
independent panel of experts has reviewed the NRC-sponsored i

'research programs addressing the issue, and the panel
endorses the overall approach adopted by NRC (Ref 3). |

|

I
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2. SCOPE AND STATUS OF THE NRC-SPONSORED RESEARCH PROGRAMS

OVERALL APPROACH: DEVELOPING INTEGRATED MECHANISTIC CODES BY
-

USING THE STATE-0F-THE-ART GOVERNING EQUATIONS AND MODELS,,

| VALIDATING AND IMPROVING THE CODES AGAINST RELEVANT DATA,
AND USING THE CODES FOR ANALYSIS. THE PROCESS IS ITERATIVE
AND IT INVOLVES THE MELPROG/ TRAC AND SCDAP/RELAP5 CODES.

COMPLETED WORK-

0 MELPROG CALCULATIONS INVESTIGATING IN-VESSEL NATURAL
CIRCULATION WITH NO FISSION PRODUCT DEPOSITION HEATING 0F
STRUCTURES (SNL/LANL - REF. 4)

0 SCDAP/RELAPS CALCULATIONS ANALYZING RCS NATURAL CIRCULATION
IN VESSEL / HOT LEGS / STEAM GENERATORS WITH NO FISSION PRODUCT
DEPOSITION HEATING OF STRUCTURES (INEL - REF. 5)

0 SUPPORTIVE COMMIX CALCULATIONS PROVIDING INSIGHTS ON
COUNTER-CURRENT FLOWS IN HOT LEGS AND STEAM GENERATOR
TUBES (ANL - REF. 6)

0 CODE VALIDATION AGAINST DATA SIMULATING SEVERE CORE DAMAGE
(INEL - REFS 7-8)

0 STRUCTURAL FAILURE STUDIES FOR HOT LEG N0ZZLE AND PIPING,
.

AND FOR STEAM GENERATOR TUBES OF A WESTINGHOUSE PWR (INEL - '

REF. 9)
1

ONGOING AND FUTURE WORK-

0 MELPROG/ TRAC CALCULATIONS ANALYZING RCS NATURAL CIRCULATION
IN SURRY INCLUDING FI5510.~ FRODUCT DEPOSITION HEATING OF

l PIPING AND STRUCTURE SURFACES "L,'NL/SNL)

0 SCDAP/RELAPS CALCULATIONS ANALY;ING RCS BEHAVIOR IN
SURRY FOLLOWING THE FAILURE OF RCS PRESSURE BOUNDARIES,
WHICH 75 CALCULATED TO OCCUR BEFORE THE FAILURE OF
VESSEL LOWER HEAD (INEL)

0 INVESTIGATION CF MEANS TO PREVENT HEGH-PRESSURE MELT EJEC-
TION WHICH MAY CHALLENGE CONTAINMENT INTEGRITY (E.G.,
LATE RECOVERY OF AUXILIARY FEEDWATER AND EMERGENCY CORE
COOLING SYSTEM INJECTION)

0 SUPPORTIVE COMMIX CALCULATIONS (ANL)2

0 THI-2 STANDARD PROBLEM EXERCISE

205
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0 SUPPORTIVE MODEL DEVELOPMENT FOR THE COUNTER-CURRENT
FLOW IN A HOT LEG AND MIXING PROCESS IN STEAM GENERATOR
INLET PLENUM (FLUID PHYSICS IND/SAI, OCT. 1987 -
MARCH 1988)

0 CODE VALIDATION AGAINST SEVERE CORE DAMAGE DATA FROM NRU,
CORA, PBF, ACRR, THI-2 ACCIDENT, ETC. (INEL, LANL/SNL)

0 COMPARISON WITH EPRI-SPONSORED NATURAL CIRCULATION EXPERI-
MENTS (REF. 10) AND ANALYSIS (REF. 11: CORMLT CALCULATIONS
FOR RCS NATURAL CIRCULATION WITH NO FISSION PRODUCT
DEPOSITION HEATING OF SURFACES)

3. PRELIMINARY FINDINGS AND RECOMMENDATIONS

BASED ON THE PREDICTION OF THE TMLB' CALCULATIONS FOR THE
SURRY PLANT OR FOR A SIMILAR WESTINGHOUSE PWR WITHOUT
MODELING FISSION PRODUCT DEPOSITION HEATING OF PIPING AND
STRUCTURE SURFACES, THE SURGE LINE (CONNECTING THE
PRESSURIZER TO A HOT LEG) OR THE HOT LEG CONNECTION AT THE
REACTOR VESSEL IS LIKELY TO FAIL BEFORE THE VESSEL LOWER HEAD
FAILURE (REFS. 1, 2, 4, 5, AND 11). HOWEVER, UNCERTAINTIES
IN THE CALCULATIONS ARE STILL UNKNOWN AND SHOULD BE
DETERMINED. FURTHEkHORE. THE LACK OF EVIDENCE FOR THIS KIND
OF NATURAL CIRCULATION IN THE TMI-2 PLANT NEEDS TO BE
RESOLVED.

1

THE ONGOING AND FUTURE WORK DISCUSSED EARLIER IS NEEDED TO
IMPROVE OUR UNDERSTANDING ON THE ISSUE, TO ESTIMATE
UNCERTAINTIES IN THE CALCULATIONS, AND TO DEVELOP A STRATEGY
FOR PREVENTING HIGH-PRESSURE MELT EJECTION WHICH MAY
CHALLENGE CONTAINMENT INTEGRITY.

)

1
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DIRECT CONTAINMENT HEATING: IS THE HAZARD REAL?

| Tim H. Lee

U.S. Nuclear Regulatory Commission

Abstract

The state of understanding of the DCH issue is reviewed. It appears
that neither the analytical tools nor the experimental data that are
currently available are adequate to quantify the effects of direct
containment heating in a severe reactor accident. It is, therefore,
difficult to estimate the hazard of DCH at this time. An estimate
of the probable range of containment pressurization due to DCH has
been made and discussed here. The NRC research programs are also
discussed.

Introduction

A severe reactor accident may involve core melting while the reactor coolant
system remains pressurized. If the bottom head of the reactor vessel is
breached by molten core materials in such a sequence, a high pressure melt 1ejection would result. The ejected materials are likely to be dispersed out
of the reactor cavity into surrounding containment volumes as fine particles
transferring thermal energy to heat the containment atmosphere. In addition,
metallic components of the core debris can react with oxygen and steam in the !

atmosphere to generate a large amount of chemical energy to heat and pressurize
the containment still further. This complicated physical and chemical process
is known as direct containment heating (DCH). The peak containment pressure
is normally attained within seconds after the melt ejection. A large amount
of aerosols that are likely to contain refractory fission products could be
generated in a high pressure melt ejection. If the containment should fail
from the DCH loading, radiological consequences could be serious.

The possibility that core debris could be dispersed out of the reactor cavity
in the event of a pressurized ejection of core melt from the reactor vessel was
first identified in Zion Probabilistic Safety Study.1 While conducting
tests ,3 to confirm such debris dispersal, Sandia National Laboratories (SNL) |

2

became aware that the dispersed debris is likely to be sprayed into the con-
tainment atmosphere resulting in DCH. The Containment Loads Working Group
expressed concern over this possibility and formed the DCH Subcommittee to
investigate the potential importance of DCH effects.4 The committee reached a
consensus that the DCH effects would not be large if the reactor vessel failed
under low pressure. On the potential importance of DCH effects in high pres-
sure scenarios, the subcommittee was divided in its opinion. A group of anal-
ysts, including experts from Electric Power Research Institute (EPRI) and
Argonne National Laboratory (ANL), estimated, from the results of EPRI spon-
sored tests at ANL, that thermal energy no greater than that stored in 2% of
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the initial melt would enter into DCH; the bulk of the ejected melt would be
trapped by structures and quenched by water in the containment. However, a |
larger number of the subcommittee members, including experts from SNL, believed :

'that DCH involving a substantial fraction of the ejected melt (16 to 50%) can-
not be ruled out. This group argued that the effectiveness of water as the ,

quenching medium had not been demonstrated, that a debris particle of the |
expected size (less than 1 mm) could release its thermal and chemical energy
on a time scale of just a few seconds, and that metal-steam reactions followed
by hydrogen recombination could not be precluded.

Clearly, an integrated research program that coordinates analytical and
experimental activities is needed, and planned, to resolve this highly complex
and potentially hazardous issue.

Analyses

As a part of a standard problem exercise for the Containment Loads Working
Group, SNL used CONTAIN and DHEAT codes to analyze DCH effects for standard
problems SP-1 (Zion) and SP-2 (Surry).4 The SP-2 results are reproduced in
Figure 1. The method of analyses was basically a lumped parameter approach;
chemical reactions and heat transfer between core debris and the containment
atmosphere were assumed to be completed, and thermal equilibrium attained,
instantaneously. Effects of heat losses to containment heat sinks were not
included. Figure 1 shows that participation of approximately 25% of the core
inventory in DCH could raise the pressure in Surry contair. ment to 9.2 bars,
which was estimated by the Containment Performance Working Group to be the
ultimate pressure capacity for the Surry containment. These results are 1

believed to be close to an upper bound because of conservative assumptions
'

made in the calculations. While preparing for NUREG-1150, the Reactor Risk
Reference Document,5 SNL recalculated SP-2 using a modified version of the
CONTAIN code 6 that included rate equations for heat transfer and chemical reac-
tions. Ex-vessel metal-steam reactions were calculated with a single droplet
model. Results of these revised calculations 6 generally showed more moderate
pressure rises compared with Figure 1. Nevertheless, the possibility remains
that, in the event of a high pressure melt ejection, the integrity of the con-
tainment could be challenged. Uncertainties involved in these calculations are
large, however.

How well a computer code can predict DCH effects depends on how well relevant
phenomena are modeled. Unfortunately, many phenomena that strongly affect the
outcome of DCH are not yet included in the codes used to analyze DCH. For
example, none of the presently available computer codes model the intricate
process of debris transport, including phenomena inside the reactor cavity and
debris-structure interactions. This shortcoming can best be illustrated when
we compare the CONTAIN calculations of DCH-17 and DCH-28 tests. Figure 2 pro-
vides results of the post-test calculation of DCH-1 that matched the test data
remarkably well, yet when the same code was used to predict the results of
DCH-2, it over predicted the peak pressure by about 55% (Figure 3),s,9 although
there was only a minor difference in the test configurations (Figure 4). The
recent finding that extensive metal-steam reactions can take place in, and
around, the reactor cavity '6'10 may moderate the need for a detailed debris4

transport analysis because hydrogen generated in such reactions can migrate
relatively freely to other parts of the containment and reacts with available
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oxygen to release the remaining chemical energy. However, the expert panel
assembled by the Brookhaven National Laboratory (BNL) to review NRC research
programs in major source term uncertainty areas pointed out in its report 11

that they believe the single droplet model used in the CONTAIN code substant-
fally over predicts the chemical reaction rates. Moreover, the relative veloc-
ity between the debris particle and interacting gases, which is an important
parameter in both thermal and chemical interactions, is a user supplied param-
eter in the CONTAIN analyses.

Experimental Data

Results of experiments are no more conclusive. Available test data are limited
to start with, but a bigger problem is the lack of a scaling law that can be
used to interpret the test data and extrapolate them for evaluation of risk
associated with DCH in severe reactor accidents. SNL has proposed an alterna-
tive to develop analytical models of phenomena important to DCH from the test
data to be incorporated in a containment code for DCH analyses.

ANL has completed a series of tests (CWTI) that were sponsored by EPRI. SNL,
under NRC funding, has completed the System Pressure Injection tests (SPIT) and
the High Pressure Streaming tests (HIPS), and is continuing with the Surtsey/
DCH tests. BNL is conducting studies of debris transport with low temperature
simulant tests. These activities are discussed below. In addition, the United
Kingdom Atomic Energy Authority (UKAEA) is embarking on a prcgram similar to
that at BNL, and Fauske and Associates, Inc. are reported to have conducted '

small scale debris transport tests. Reports on neither of these tests are
available so that we are unable to include these activities in this review.

ANL Experiments

ANL experiments as reported by the Industry Degraded Core Rulemaking
Program (IOCOR)12 used an apparatus that included a thermite vessel repre-
senting the reactor pressure vessel, an interaction chamber to represent a
reactor cavity, a pipeway simulating an instrument tunnel, and an expan-
sion vessel simulating the containment. The interaction chamber, the
pipeway, and the expansion chamber were all of steel construction. A
partial partition was provided in the expansion chamber to simulate a
containment structure. The experiments used molten materials composed of
uranium dioxide, zirconium dioxide, and stainless steel to simulate the
core melt. The melt were ejected into the interaction chamber by gas that
was pressurized to a level ranging from 0.21 MPa (30.5 psia) to 5.7 MPa
(826.5 psia). The facility was approximately a 1/30th linear <,cale of the
Zion plant configuration, but no attempt was made to maintain geometric
similarity. ,

A separate series of tests using Wood's metal as the melt simulant was
also conducted to investigate the characteristics of core debris disper-
sal. Wood's metal has a melting point of 73 C. The injection pressure

i

used in this series of tests ranged from 0.25 MPa (36 psia) to 1.4 MPa I
(200 psia). |

|

|

i
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The corium tests showed a sweepout fraction of 1 to 60 percent and a peak
pressure rise from 0.12 MPa (17.5 psi) to 0.38 MPa (55 psi). The temper-
ature rise ranged from -4 to 50 C. These results do not include a contri-
bution frca oxidation of metallic components since the tests were conducted
in an inerted expansion chamber atmosphere. The Wood's metal tests showed
that the fraction dispersed out of the test cavity ranged from 10 to
90 percent.

More recently, ANL has conducted some more tests with regular air in the
expansion chamber and with the partition that simulated containment struc-
ture removed. Significantly higher pressure rises resulted. In CWTI-13,ta
the most severe test conducted to date at the facility, a maximum pressure
of 0.31 MPa (45.5 psia) was measured in the expansion chamber although
only 8.7% of the ejected melt was dispersed into the chamber.

SNL Experiments

Nineteen tests were conducted in the SPIT series and eight in the HIPS
2series ,

Most of the SPIT tests were for scoping and technology development; only
the last two provided useful data. Molten materials produced by a ther-
mite reaction between iron oxide and aluminum were used to simulate the
core melt. The melt generator was pressurized to a level ranging from
3.3 MPa (480 psia) to 11 MPa (1600 psia) by air, nitrogen, or carbon-
dioxide. All except the last two SPIT tests were conducted outdoors.

SPIT-18 and SPIT-193 were conducted with an interaction chamber that
simulated a containment volume; the apparatus was placed in a metal shed
that had an estimated pressure rating of 3 psig. A concrete cavity simu-
lating a 1/20th linear scale model of the Zion reactor cavity was used in
SPIT-19 while an alumina cavity was used in SPIT-18.

In SPIT-19, 95 percent of the ejected melt was dispersed out of the test
cavity, while only 58 percent was dispersed in SPIT-18. The lower disper-
sal in SPIT-18 was attributed to higher heat loss, and consequently higher
freezeup of the debris, in the alumina cavity. Measured pressure rises of
3.5 and 2 psi were not considered meaningful because the interaction
chamber suffered substantial damages in both tests that resulted in large
leakage. It was estimated that 1 to 5 percent of the ejected melt was
aerosolized.

The HIPS test apparatus included a 1/10th linear scale model of the Zion
reactor cavity. The mass of the melt was scaled to that of the reactor
core, but the volume and geometry of the melt generator were 60t scaled to
those of the reactor vessel.

A total of eight tests were conducted in the HIPS series. HIPS-4W and
HIPS-6Wii were conducted with a water-filled test cavity while in HIPS-7C15
structure was added at the exit of the test cavity to simulate the instru-
ment shaft and the seal table area of the Zion plant. In HIPS-8C,15 the
annular gap around the reactor vessel of Zion Unit I was simulated to
investigate the potential for core debris dispersal directly into the
upper containment dome via this gap.
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In all tests, practically all molten materials ejected from the melt
generator were dispersed out of the test cavity even at a pressure as low
as 3.3 MPa (480 psia). The presence of water in the test cavity did not
appreciably affect the fraction of dispersal. High-speed movies showed
that a slug of water was expelled ahead of dispersing debris in both
HIPS-4W and HIPS-6W. A pressure spike on the order of a 1,000 psi was
measured in the cavity following the melt ejection. The reinforced con-
crete test cavity was destroyed in both tests, and in HIPS-6W the whole

Itest facility was lifted 6 feet in the air.

No appreciable retention of debris was observed in HIPS-7C where the !
additional structure was expected to trap dispersing debris. In HIPS-8C, 1

approximately one-third of the dispersed debris escaped through the annu-
;

lar gap. This fraction is roughly equal to the ratio of the flow area
through the gap to the total outflow area, supporting the theory that the i

predominant mechanism for debris dispersal is entrainment by a high-
velocity gas flow. A large cloud of aerosols was observed in each HIPS1

test.

Surtsey is a steel vessel approximately 12 feet in diameter and 40 feet
high. Its volume is approximately that of a 1/10th linear scale of a ,

large, dry containment. The pressure rating of the Surtsey vessel is
150 psig and the maximum operating temperature is 650 F. The facility
became operational in 1986 and three tests have been completed to date
(DCH-3 test results have not been published yet); the fourth test will
be conducted in October 1987. A total of eleven Surtsey/DCH tests are
currently planned. The test matrix is provided in Table 1.

In all completed DCH tests, the melt generator and the test cavity were
placed inside the Surtsey vessel. A 1/10th scale model of the Zion reac-
tor cavity was used. 20 kg of an iron oxide, aluminum thermite melt were |

involved in DCH-17 versus 80 kg in DCH-2.8 In DCH-1 a chute at the exit |

of the cavity directed the dispersing debris vertically upward while in
DCH-2 the debris jet is allowed to impinge on the side wall of the vessel
at an angle approximately 26 from the vertical without a chute. 11.6 kg
of the debris were collected in the Surtsey vessel following the DCH-1
test where a maximum pressure rise of 0.133 MPa (19.4 psi) was measured.
The corresponding values for DCH-2 are 91.3 kg and 0.31 MPa (45 psi). The
total mass of debris collected after each test was greater than the initial
thermite charge because of materials eroded by the melt, oxygen uptake
from the chamber atmosphere in the chemical reactions, and materials
adhered to the debris removed from the cavity and the chamber walls. The
fraction of the ejected mass aerosolized was estimated to be 2 to 16% in
DCH-1 and 1 to 6.6% iii OCH-2.

BNL Experiments

BNL is using low temperature melt simulants to investigate the hydro-
dynamics of the debris dispersal during a high pressure melt ejection.
Apparatus used consists of 1/42nd scale models of operating plants. Water
and Wood's metal are being used to simulate the core melt. The plan is to
study several plant configurations to characterize the effect of contain-
ment structures on the flow fields of gas and debris,
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Tests in three different reactor cavities, Zion, Surry, and Watts Barr,
have been completed. These tests results appear to show that the fraction
of the ejected "melt" dispersed out of the reactor cavity is insensitive
to the cavity design. It is interesting to note that the Surry and the
Watts Bar cavities are classified by IDCOR as non-dispersive. BNL is
continuing with tests on containment models that include major structures.
A high speed movie taken during a test in the Zion containment model,
using water as the melt simulant, recorded some fascinating aspects of the
process of debris dispersal; notably among them is re-entrainment of
debris deposited on the containment floor.

BNL's program also includes a scaling studyte that identifys a set of
dimensionless parameters whose values must be held constant to preserve
physical similarities between the test and the plant conditions under
investigation. The number of similarity parameters identified is now
eleven. It is not possible to match all eleven parameters in designing
tests so that BNL must exercise engineering judgment in matching those
that were considered important.

A major limitation in BNL's program is the use of low temperature melt
simulants. This would be an excellent program for the study of debris
transport if the hydrodynamic phenomena are independent. Unfortunately,

| for the process of debris dispersal and DCH, heat transfer, chemical reac-
tions, and hydrodynamics of the gas flow and debris transport are all
interrelated; they affect one another. BNL attempted to partially compen-
sate for this shortcoming by matching the Mach number of the blowdown flow
in its tests. Many other effects that are important to DCH are not
addressed; for example, melt-structure interactions and change in tran-
sport properties of the molten core materials with temperatura are the
more important ones among them.

Estimate of Hazard

It is evident from the above discussion that neither the analetical tools, nor
the experimental data currently available, are adequate to quantify the DCH
effects in a severe reactor plant accident. To estimate the hazard associated
with this complicated phenomenon with the present state of understanding there-
fore involves a high degree of uncertainty. Attempts have been made previously
by the Containment Loads Working Group DCH subcommittee 4 and in the Severe
Accident Risk Rebaseline Program 17 to estimate the peak containment pressure,
using subjective judgment of the experts.

A more systematic approach was adopted for such estimation in NUREG-1265,
Uncertainty Papers on Severe Accident Source Terms.18 Parameters that affect
the containment heating were identified. A likely range of the value for each
parameter was determined from available information, and degrees-of-belief, or
the probability distribution over the range, assigned. Sensitivities of the
containment pressure rise to variations in these parameters were established
from results of available code calculations. Random sampling was made of com->

1 binations of these parameters, and the containment pressure rises and asso-
ciated probabilities, corresponding to chosen ccmbinations, were calculated
using the relationship discussed above. This approach still required engineer-
ing judgment where the state-of-understanding lags, but it has an advantage

.
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that areas of uncertainties and their contributions to the overall uncertainty
iare clearly identified. It is possible, therefore, to program the research J

tasks to address areas of uncertainties in preferential order that will reduce,

;i the overall issue uncertainty most effectively. I

Input and results of such calculations in NUREG-1265 are reproduced in Appen-
dix-A as an example to illustrate the method. Ranges and degrees-of-belief I

used for the input represent the judgment only of the author and the result '

i should be considered in that context. For simplicity, it was assumed in the
calculations that all the parameters are non-interacting and that sensitivi-
ties of the containment pressure rise to variations in 'these parameters-are
linear, but the method works as well without these constraints.

NRC Research Plan '

Much progress was made in the last couple of years regarding the understanding
of DCH phenomenon. Among the major findings are the ex-vessel metal steam
reactions and the effect of the gecmetrical scale of the facility. Both BNL^

and SNL predicted from their calculations that metallic Zr and Fe in the melt
;

could rapidly be oxidized by steam in the vicinity of the reactor cavity.
Because hydrogen generated in such reactions can be transported through the
containment much easier than core debris particles, transport of the debris
particles to open containment volumes no longer is a prerequisite'for DCH.
Also, many experts now agree that the larger the scale of the facility, the
more extensive the containment heating is likely to be because of the longer
debris flight times and hence reaction times. Experimental data are needed to
confirm and quantify these effects. The on going NRC programs at SNL and at ;

BNL are expected to address such needs and enhance our phenomenological under-
standing to reduce the uncertainty of the issue,

i

Ongoing and planned NRC research activities are summarized below. How much |
research can be performed, and how soon, depends on the available funding
level.

,

On-Going Research

Surtsey/DCH Tests
!

This program is being relied on to generate a large scale test data base
i for analytical modeling of processes important to DCH. Currently, the

tests are being performed at a rate of one test per quarter. Eleven,

tests are planned (Table 1).
i

BNL Program i

This program includes small scale simulant tests, scaling studies, andj

analytical modeling of separate effects mostly related to core debris
transport. Currently, the experimental effort is concentrated on inves-
tigation of the effect of containment structures on the debris transport.

t

i
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Low Pressure DCH Cut-off

SNL will conduct several HIPS typc tests at variable ejection pressure to
investigate a possible low pressure cut-off for the core debris dispersal
and DCH. This task is a part of the larger NRC program to determine if
depressurizing the RCS to preclude high pressure melt ejection is feasible
and practicable.

Analyses

|Analytical activities are being consolidated at SNL who will use CONTAIN
for the DCH analyses.

,

Planned Research

Tests for Geometrical Scaling'

As discussed above, there is evidence that the DCH effects will be more
extensive in a larger facility. Experimental data are needed to quantify
this effect. It appears that the ANL facility at 1/30th scale and the
SNL facility at 1/10th scale are most appropriate for such an investigation.

Tests with Prototypical Melts

Neither SNL tests, nor the BNL tests used a melt that is representative
of molten reactor core materials. Tests with prototypical melts are
needed to resolve controversies regarding the melt temperature, heat
content, reaction rates, etc. A pressurized melt generator, possibly

; utilizing induction heating, is needed for such tests.

Tests for Chemical Reaction Rates
.

The expert panel" that reviewed the DCH research programs indicated that
the single droplet model currently used to calculate metal-steam reactions
in DCH analyses may significantly over predict the rate of hydrogen genera-
tion. Test data are needed to asst:ss the adequacy of the model.

,

d
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TABLE 1

DOH TEST MATRIX
SURTSEY DIRECT HEATING FACILITY

Test Characteristic
__________________________________

1 Small mass (20 kg)

2 Large mass (80 kg)

3 Surry cavity

4 In-containment
structures

5 Defined flow paths

6 Inert atmosphere

7 Air, steam, & H2

8 Water sprays

9 Corium melt

10 Water-filled cavity

; 11 Shallow water pool
________________________________
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APPENDIX

UNCERTAINTIES ESTIMATE

Figure A.1 is a revised result of DHEAT code analyses for the Containment Load
Working Group (CLWG) Standard Problem SP-2 that excluded the effect of the
steam spike. It will be used as the basis for our estimation of uncertainties
in the pressure rise in Surry Containment due to DCH. Sensitivities of the
pressure rise to changes in the value of various parameters suggested in
Table A.1 are an approximation from results of later DHEAT analyses. Ranges,
degrees-of-belief, and sensitivities provided in Table A.1 were then sampled
by a Latin hypercube procedure 19,20,22 to compile a composite peak containmenc
pressure versus probability curve that is shown on Figure A.2.
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Table A.1 Surry direct containment heating (input for statistical analysis
of pressure rise versus probability).

1. Reactor Coolant System Pressure (0-2400 psig)

Range Degree-of-Belief (00B)

1,000 psig and up 0.1
600 - 1,000 psig 0.2
below 600 psig 0.7

Sensitivity: Considered here is only the effect of the reactor coolant
system steam inventory on containment pressurization.
Linear interpolation has been used for intermediate values.

Add (+) 18 - 25 psi =F <

3

for the range 0 - 2,400 psig

2. Melt Temperature (1,800 - 3,100 K)

Range 008

2,500 - 3,100 K 0.2
2,300 - 2,500 K 0.65
1,800 - 2,300 K 0.15

Sensitivity
f

Multiply (x) 0.85 - 1.10 =F 2 .

'
for the range 1,800 - 3,100 K

3. Fraction of Core Melted and Ejected (20 - 80%)
,

Range DOB

60 - 80% 0.3
j 50 - 60% 0.5

20 - 50% 0.2
,1

;f Sensitivity

No correction from Figure A.1. Value read from Figure A.1 = P3 ;

)
1

.

.

l
d
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|

Table- A.1 (continued)

4. Unoxidized Metal Contents in Melt (20 - 70%)
|

Range DOB
'
,

55 - 70% 0.25 i
4

j 40 - 55% 0.5 :
20 - 40% 0.25 i

(
Sensitivity '

<

Multiply (x) 0.8 - 1.0 =F 4for the range 20 - 70%
,

5. Effect of Water (0 - 50% quenched) i

t

] Range 008
-

0 - 15% ,. 3
15 - 30% 0.4 I

'

30 - 50% 0. 3
.

Sensitivity

| Multiply (x) 1.0 - 0.85 = Fs
'

i for the range 0 - 50% !i
'

i 6. Effect of Structure (75 - 100% dispersed) .

Range DOB
;

$

90% and up 0.85
1 75 - 90% 0.1
| below 75% 0.05 '

Sensitivity
i

!

j Multiply (x) 0.85 - 1.00 = Fs
j for the range 75 - 100%

,

i
<

j 7. Completeness of Thermal and Chemical Interactions (50 - 95%) |
:

1
Range DOB

85 - 95% 0.25
70 - 85% 0.6=

1 50 - 70% 0.15

e

i
:

I
1
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Table A.1 (continued)

Sensitivity

Multiply (x) 0.63 - 0.97 =F7
50 - 95%

by volume)8. Hydrogen Recombination (0 - 6% H2

R.ange 008
i

5 - 6% 0.2 |

2 - 5% 0.6
0 - 2% 0.2

Sensitivity

Multiply (x) 1.0 - 1.23 = Fs
for the range 0 - 6% H2

Estimated Peak Pressure

=Fi = Po (Fs-1)P = Pa xF xF xF xF6xF72 4 3
max

at 0% core fraction = 2.67 bars (Fig. A.1)Po = P3

,

8

j
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ABSTRACT

The NRC research program on Core-Debris / Cavity Interactions
comprises two principle elements: (1) An analytical effort
focused principally on the development of computer codes needed to
predict the potential conse
accident scenarios; and (2)quences of risk-significant severe-an experimental component to provide
insights into the relevant phenomenological processes and to develop
the data base necessary for validation of the codes. The analytical
activities at Sandia National Laboratories focus primarily on
refinement and validation of the CORCON and VANESA codes. Two
major experimental activities are also based at SNL: The large
scale SURC tests address the thermal-hydraulic phenomena as well
as aerosol release associated with prototypical core-melt
materials in various types of concrete crucibles, while the WITCH
and GHOST experiments are concerned with aerosol generation and
radionuclide release phenomena. A program of small scale special-
effects tests at Brookhaven National Laboratory is coupled to a
concomitant model-development and code-validation activity. In
addition, measurements are being made at Battelle Columbus Labora-
tory to augment the thermochemical data base needed in the VANESA
code to permit refined radiological source-term predictions. The
current scope and status of this research is reviewed.

1.0 INTRODUCTION

Potential exposure of the public to radioactive materials inadvertently
released during an accident is considered to be the most significant risk
associated with nuclear power generation. To enable regulatory decision making
intended to minimize the risk of such an environmental release, a thorough
knowledge of the accident-related phenomena is indispensable. In the following
discussion, it is assumed that a postulated accident has advanced to the point
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where the reactor core has been disrupted so that radioactive materials mixed
with fuel and structural components escape the primary pressure boundary and
relocate into the reactor cavity below the vessel. It is further assumed that
the radioactive gases and volatile fission product species such as xenon and
iodine are released to the containment atmosphere at the time of vessel failure
while the more refractory materials, such as strontium and cerium remain with
the core debris. The aspect of the NRC research program described here is
concerned with the phenomena expected to occur in the reactor cavity at the
time of, and following vessel failure.

The only barrier that remains between the radioactive inventory and the outsice
environment is the reactor containment system. It is therefore essential to
understand and evaluate the abnormal loads imposed on the containment by the
accident-related phenomena and to quantify the radionuclide inventory so.that
the radiological source term can be assessed in the event of containment
failure. The purpose of the NRC Research Program on Molten Core Debris
Interactions in the Reactor Cavity is to develop and validate computational
tools to calculate the physical and thermal-hydraulic variables needed to
characterize containment loading and ex-vessel source-term phenomena. This
information is essential in NRC licensing and regulatory decision-making
functions related to containment integrity and environmental radiological
source-term assessment.

1.1 Potential Contributions to Risk

The most significant potential consequences that may result when high
temperature core debris finds its way into the reactor cavity are summarized in
table 1.

Table 1. Potential Consequences of Molten Core Interactions
in the Reactor Cavity

Containment Loading Effects C0RCON Code
e Containment Overpressurization

Combustible gas generation (H and C0)-

2Noncondensable gas generation (H , C0 and CO,3)-
p

Containment atmosphere heating from debris pbol surface,-

released aerosols, and gases

e Structural Damage
Basemat penetration, erosion of reactor pedestal-

Thermal attack on upper structures-

Degradation of engineered safety features-

Refractory Radionuclide Release and Aerosol Generation VANESA Code
o Radioactive and nonradioactive aerosols from core debris
e Containment atmosphere heating
e Plugging of filters / vents
e Aerosol decontamination by overlying water

If contaihment integrity can be maintained, immediate public risk is virtually
eliminated. To make credible structural-response predictions, the abnonnal
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loadings must be quantified. Thermal decomposition of concrete releases water
vapor, carbon dioxide and other gases. Some of these gases react chemically
with molten metals in the debris pool to produce the combustible gases,
hydrogen and carbon monoxide. The aerosols and gaseous components enter the
containment atmosphere at high temperature; the pressure loading of the
containment increases from the addition of heat. noncondensable gases, and the
possible burning of H and C0. The C0RCON code computes these phenomena and

2provides quantitative output data from which the concrete attack and
containment loading can be computed.

The issues of basemat penetration and containment overpressurization have been
under consideration for quite some time, however, a number of other potential
consequences of core-debris interactions in the cavity have only come into
focus more recently; for example, the direct attack by core debris on
engineered safety features such as the BWR Mark-I steel containment liner.
These transient effects are presently being more closely studied.

If the containment does fail, it is necessary to know the radionuclide burden
in the atmosphere in order to compute the ultimate radiological source term.
The bubbling of concrete decomposition gases through the molten debris has two
effects; (1) the sparging of the more refractory fission product elements
dissolved in the molten materials, and (2), the generation of aerosols at the
debris pool surface. Although the radioactive aerosols are the most
significant, it is important to note that the nonradioactive particulates
(primarily composed of concrete decomposition products) can contribute
significantly to reduction of the source term because of their scavaging effect
in the atmosphere. The VANESA code ccmputes the sparging process within the
debris as well as the aerosol generation at the pool surface. Finally', if
overlying water is present, the surface aerosols may be significantly
attenuated by decontamination in the water.

It cannot be emphasized too strongly that the possible consequences outlined in
table 1 do not apply with equal significance to all accidents. Their relative
importance is determined by many factors, eg, the type of reactor, the
structural details of the containment system, and the initial and boundary
conditions related to the particular accident scenario.

1.2 Uncertainties Associated With the Prediction of Risk-Related Accident
Consequences

|

As indicated in the opening of this section, the estimation of public risk
accompanying a postulated nuclear accident is predicated primarily upon
assessment of the probable radiological source term accompanying the event.
During the preparation of NUREG-0956 "Reassessment of the Technical Bases for
Estimating Source Tenns," (Ref.1), a cadre of computer codes (known as the NRC
Source Term Code Package) was assembled to permit the best possible |
radiological source term predictions for selected hypothetical accident I
scenarios. Since no error propagation is conducted in the codes themselves,
only point estimates derived from the input assumptions made by the analysts
were possible. Efforts to address the issue of uncertainty bands have been
made in NUREG-1150 "Reactor Risk Reference Document," (Ref. 2). In addition,
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more extensive treatment of predictive uncertainties is to be found in
NUREG-1265 "Uncertainty Papers on Severe Accident Source Terms," (Ref. 3.)

Application of even the most mechanistic computer codes (those based on the
fundamental laws of physics, chemistry and engineering, rather than empirical
correlations and models) still retain (and possibly introduce) uncertainties in
the calculations. The principle possible contributors to uncertainties in code
predictions are outlined in table 2.

Table 2. Sources of Uncertainties Associated With Code Predictions

1. Uncertainties in the raenomenological models
2. Computational uncertainties
3. Uncertainties in the physical /chemcial data base
4. Uncertainties in input variables derived from other analysis

codes used to compute earlier stages in the accident sequence
5. Uncertainties attributable to the exercise of user options

The relevance of these five sources of uncertainty in code predictions is not
limited to CORCON and VANESA, they are generic to all computer codes. The
first three items, phenomenological modelling, computational precision and
accuracy in the data base fall within the purview and responsibility of the
code developers. The last two items, uncertainties and the input data and
possible idiosyncrasies exercised by the users are outside the control of
the code developers. Awareness of these uncertainties plays an important
role in the formulation and execution of both the analytical and experimen-
tal aspects of the NRC research program on core-debris / cavity interactions.

1.3 Scope of the Program

The CORCON MOD 2 code, used to compute thermal-hydraulic containment-loading
phenomena, and the VANESA code used to calculate the ex-vessel radiological
source term are acknowledged by the world-wide reactor-safety research
comunity to be state-of-the-art computational tools. At the same time, their
deficiencies and limitations are acknowledged. The refinement and experimental
validation of these codes constitute the principle motivation and guidance for
the research program described in this report.

2.0 Analytical Program - Codes Development and Validation

The physical, thermal, and chemical processes that occur when high-temperature
reactor core debris comes into contact with concrete are extremely complex.
Thereactionsthatoccurdependstronglyupon(1)thecompositionofthe
debris, (2) its initial temperature, (3) the rate at which the debris is
depositedontotheconcrete,(4)thecompositionoftheconcrete,(5)the
geometric configuration of the concrete cavity in which the reactions occur,
and(6)thepropertiesoftheatmosphereandsurroundingsabovethedebris.

There has been a prevailing tendency to oversimplify the mechanisms involved;
this disposition is reflected in such simple-minded questions as "will the core
debris penetrate the basemat and contaminate the groundwater?" This type of
question, without extensive qualification reflects a disturbing naivete. This

.
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point is made in order to emphasize the importance of having adequate knowledge
of the initial and boundary conditions listed above.

There are three principle sources of heat available to drive the interactions:
(1)Sensibleandlatentheatpresentinthedebriswhenitexitsthevessel,
(2) heat released from radioactive decay of the fission products accumulated

i in the fuel during reactor operation, and (3) energy from chemical reactions
j that occur when concrete decomposition products begin to enter the molten
| core materials. The relative importance of the roles played by these various

,

energy sources shifts with time and depends critically upon the composition i

of the debris as well as the concrete. For example, BWR cores contain a much
higher proportion of zirconium metal than do PWR cores so that chemical
reactions may dominate the energy considerations for some period of time.

2.1 The CORCON Code - Thermal Hydraulic Effects

The CORCON Code developed at Sandia is designed to compute the significant
variables needed to answer such specific safety related questions as basemat
penetration, containment overpressurization, or reactor pedestal degradation
resulting from thennal ablation of the concrete. COPCON MOD 2 (Ref. 4) was
released in August 1984 and is now being implemented in seventeen major
research establishments throughout the United States and a number of foreign
countries. The code development group at SNL provides periodic code-update
sets and ongoing support to the users. Principle features of the CORCON Code
are outlined in table 3.

Table 3. C0RCON-M002 Code Features

Obtains Input Data From Melt-Progression Codes, e.g.,e

MELPROG, MARCH,.etc.
- Mass flow rate and core-debris composition

Initial debris temperature-

o Core Debris / Concrete Interactions Modelled
Concrete ablation rate and cavity geometry-

Gas release rate and composition-

Debris temperature distribution-

- Debris pool chemistry including metal oxidation
Heat and mass transfer-

e CORCON Output Provides Input For
- VANESA Code to calculate fission-product

aerosol release
CONTAIN Code to compute loading effects-

e Areas of Application
Actively used in 17 research facilities-

- Adopted for use in: MELCOR, CONTAIN, NRC Source Term Code Package

During 1987 two additional update sets to CORCON M002 (No. 3 and No. 4) were
distributed to the users. The nature of the four revisions made are summarized
in table 4.
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Table 4. CORCON-H002 Correction Sets

VERSION PURPOSE EFFECT Oft CALCULATIONS
2.01 Correct Minor Bugs Not Significant
2.02 Improve Decay-Heat Significant Only for

Calculation T < 1-2 Hours
2.03 Improve Chemistry Not Usually Significant

Package
2.04 Allows Addition of Can be Significant-depends on

Oebris Mass and Coolant Mass Addition Rate, Temperature,
and Timing

The two most recent revisions to C0RCON (1) improve the treatment of chemical
phenomena, and (2) provide for time-dependent addition of core materials to the
debris pool. Test calculations show C0RC0H results to be sensitive to the rate
and temperature of material added to the debris pool. A new axial heat
transfer model has been developed for CORCON which brings calculated downward
concrete ablation into better agreement with experimental results. Comparison 1

Iof a CORCON calculation made using the new model with experimental data from
the KfK BETA test V3.3 is shown in Fig. 1. |

BETA TEST V3.3
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A number of deficiencies remain in the current version of CORCON; specific
efforts to remedy these shortcomings are in progress. Some of these areas are:
(1) Transient heat transfer to concrete is not treated; water vapor and gas

|release prior to reaching the ablation temperature needs to be modelled, (2)
the treatment of radial heat transfer to vertical concrete surfaces is not yet
considered adequate (this matter is intimately involved in the question of
reactor pedestal degradation), and (3) the question of heat transfer to

, overlying water is not yet adequately understood or modelled; this issue is
| intimately involved with the question of debris coolability.

2.2 The VANES _A Code - Aerosol Generation and Radionuclide ReleaseS

The first implementation of the VANESA model for radionuclide release from
molten core debris was published in July 1986 (Ref. 5). The calculation
considers the sparging of the important radioactive chemical species from
molten debris by the bubbling of concrete decomposition gases through the
debris pool. The vapor phases, of the pool constituents are assumed to attain
thermodynamic equilibrium within the bubbles; these vapors then condense to
form aerosols when the bubbles break at the pool surface. Mechanical aerosol
formation is also computed, i.e., when the film formed at the surface
fragments into fine particles. In addition, the model considers the trapping
(decontamination) of the aerosols if an overlying layer of water is present.
The general features of the VANESA code are summarized in table 5.

Table 5. Vanesa Code Features

e Obtains Input Data from CORCON
- Mass flow rate and composition of debris

Debris pool temperature-

- Gas composition and flow rate

o Aerosol Generation Phenomena Modelled
Vapor condensation-

- Bubble film fragmentation (entrainment)
- Aerosol decontamination by overlying water layer

e Output Variables |
-

Aerosol composition and release rate (includes radiological '-

source-term data)
Aerosol decontamination factor-

e Areas of Applications
:

Adopted for use in MELCOR, CONTAIN
|

-

NRC Source Term Code Package '

Used in national, private, a; foreign research laboratories-

The first revision to the VANESA code was distributed to the users; the
refinerants are shown in table 6. l

i
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Table 6. Revisions to VANESA

VERSION REVISIONS COMMENTS

1.00 -Original version used in early source-term
code-package calculations

1.01 -Improved treatment of Released September 14, 1987
thermodynamic data Revisions have minor impact

on calculated results.
- More mechanistic

mechanical aerosol model
- Explicit treatment of coking

The improvements include: (1) A more accurate representation of the |
'

temperature-dependent free energies of the chemical species considered by the
code, (2) the capability for an explicit treatment of carburization reactions i

to the chemistry solution and, (3) a more mechanistic model for mechanical )
aerosol generation. The VANESA code was developed independently from the
CORCON code, however, it has been recognized for some time that the intimate
interrelationship between these two codes renders their integration into a
single computational tool highly desirable. Significant progress has already
been made toward consolidation of the CORCON and VANESA codes into a single ,

integrated code.

3.0 Experimental Programs

The purpose of the experimental research activities is often given as code
validation. Indeed, to achieve a sufficient level of predictive credibility,
code calculations must be tested against real data. However, experiments serve
another extremely important purpose; they frequently provide new and unexpected
technical insights into phenomena that have been virtually unexplored
previously. For example, the observation of energetic thermal interactions
(steam explosions) during the small-scale BNL experiments intended to study
heat transfer from molten metals to overlying water was totally unancticipated.
This inadvertent observation led to significant redirection of the activities
and thinking with respect to the major steam-explosion research. The
experimental research program on core-dabris/ cavity interactions continues to
serve both of these purposes, i.e., (1) to augment the validation data base and
(2) to provide new technical insight into phenomenology where a paucity of
understanding continues to exist.

3.1 Large-scale Integral Experiments on Prototypical Reactor Materials
Interactina with Concrete - SURC Tests.

A large number of experiments have been conducted at SNL and at the
Kernforschungszentrum, Karlsruhe, FRG (KfK) with molten steel interacting with
various types of concrete. This research has yielded important data and
provided insights into the phenomena. However, virtually no studies have been
made that are truly representative of reactor core debris. The SURC series of
tests LSustained Urania R_eacting with Concrete) is being conducted at SNL to
fill this gap. tee purpose and orientation of the research are summarized in
table 7.
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Table 7. Sandia-Integral-Core-Concrete Interaction Experiment Program
SURC Test Series (Sustained Urania Reacting with Concrete)

Purpose of the Large-Scale Sustained-Heating Integral Testse

Provide thermal-hydraulic data for CORCON validation-

Provide data to validate VANESA aerosol-generation and-

chemistry models,

e Phenomena Observed
Concrete ablation, rate and direction-

Gas generation, rate and composition-

Aerosol generation and properties-

I e Input Parameters Varies
- Concrete composition, e.g. limestone, silicious, etc.

Melt compositicn, e.g. metals, oxides, mixtures-

Input power level-

.

Induction heating is used to prepare the melts as well as sustain the
temperature after experimental conditions are reached. This approach pennits
certain studies (such as the addition of Zr metal) which may be precluded when
thermitically prepared melts are used. The experimental facility is
schematically outlined in figure 2. The external water-cooled aluminum
containment shell permits the acquisition of more accurate gas-production data
as well as a more precise determination of side-wall heat losses from the test
vehicle. The plan matrix of experiments is shown in table 8.

Table 8 SURC Test Matrix

TEST CHARGE MASS CONCRETE H0
2

1 U0 -ZR0 250KG Limestone No l2 2
2 UO -ZR0 250KG Basaltic No

Completed |3 Steel-ZR 50KG Limestone No ;
3A Steel-ZR 50KG Limestone No !
4 Steel-ZR 200KG Basaltic No

5 00 -ZR0 -ZR 250KG Limestone Yes2 26 UO -ZR0 -ZR 250KG Basaltic Yes

7 Steel-B C 200KG Limestone No
8 Steel-B C 200KG Basaltic No

The anticipated measurements involving metallic Zr and boron carbide (B C) are
4of particular importance with respect to BWR accidents. Three tests have been

performed; the current status of the project is sumarized in table 9.
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Table 9. SURC Program Status and Results

e Apparatus Operational - Techniques Demonstrated

e SURC 3 and 3A Completed - General Observations:
Copeous aerosol generation with limestone concrete-

(strongtelluriumcomponent)
Addition of Zr metal increases ablation rates:-

SURC 3 (one-D crucible) 0.20 to 0.45 cm/ min axial only-

SURC 3A (two-D crucible) 0.19 to 0.35 cm/ min axial-

0.15 to 0.75 cm/ min radial-

Melt temperatures fairly stable about 1900K-

CO,buriza,0 mostly reduced but no clear evidence of
and H-

car tion (coking)

e SURC-4 Results Test Are Sequestered For Use in CSNI PWG-2 Blind
Code-Comparison Project

The important parameters involved in these tests are shown in table 10.

Table 10. SURC 3, 3A and SURC 4 Parameters

e SURC-3: One-0, Limestone Concrete (20 CM I.D.)
SURC-3A: Two-D, Limestone Conc!ete (20 CM I.D.)
50 KG stainless steel + 2 KG F.P. simulants-

Inductively heated (N 35KW)-

2KG Zr metal added after steady state achieved-

e SURC 4: One-D,SiliciousConcrete(40CMI.D.)
200 KG stainless steel + 6 KG F.P. simulants-

Inductively heated (~ 70KW)-

20 Kg Zr added after steady state achieved-

Three tests (SURC 3, 3A and 4) have been conducted; the primary objective was
to study the influence of metallic Zr present in the melt. This is a vital
issue with respect to BWR safety because of the high inventory of Zr in the

All three tests involved the addition of Zr metal to molten stainlesscore.
steel in the crucible after quasi-steady-state ablation had been achieved. All
of the tests incorporated nonradioactive representative fission-product
elements in the melt. The first two tests were conducted with limestone
concrete; the first (SURC 3) was one-dimensional, while the second (SURC 3A)
was a 2-dimensional test. Figure 3 compares a pretest CORCON calculation with
the SURC 3 experimental data. The inflection at approximately 130 minutes
reflects the augmented concrete attack resulting from the increased power from
chemical reactions when the Zr metal was added. Results of the third test,
(SURC 4) have been sequestered and will be used in an international
code-comparison exercise sponsored by the CSNI Working Group 2.
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3.2 Sandia Core-Concrete Aerosol Research Procram - WITCH / GHOST Experiments

To evaluate the public risk associated with possible exposure to nuclear

might be transported from their source (the reactor core)y which radionuclides
radiation, it is necessary to understand the mechanisms b

Probably the most.

significant mode is the transport of airborne particulates (aerosols). Once
airborne, the behavior of aerosols is relatively well understood and modelled.
By contrast, the generation and release to the atmosphere of refractory fission
products from high-temperature core debris is peorly understood. The aerosol
generation process is modelled by the VANESA code, but there is very little
experimental data to validate and lend credibility to the code predictions.
This problem is being addressed by tht WITCH / GHOST series of experiments at
SNL. The thrust of the research is outlined in table 11.

In these studies, controlled gas bubbling through selected metallic and oxidic
melts permit the delineation of mechanical and condensation aerosol-generation
processes. This information is necessary to develop and test the
aerosol-generation and release models in the VANESA code. The apparatus is
complete and the effectiveness of the x-ray diagnostic system to measure gas
hold-up time has been demonstrated. The gas residence time influences the degree to
which fission-product vapors may reach equilibrium within the bubbles during ;

their transit through the molten debris. A schematic outline of the WITCH / GHOST l
experimental apparatus is shown in figure 4. The sy~ stem is operational and i

tested, however, none of the early experimental results are yet ready for |
reporting.

|
|
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Table 11. Sandia Core-Concrete Aerosol Research Program

o Purpose of the WITCH / GHOST separate-effects tests
Provide validation data base for CORCON and VANESA-

Study Properties of aerosols generated by-

A) WITCH - Bubble film rupture (Melt-pool mass entrainment)
B) M03T - Vapor condensation af ter bubble rupture
Study chemical properties of prototypic core-debris materials-

(affects debris-to-concrete heat transfer correlation in CORCON,
and chemical vapor equilibrium in VANESA) l

e Experimental Conditions
Temperature controlled by sustained induction heating-

One-dimensional refractory crucible (to eliminate actual-

core-concrete interaction)
Bottom gas injection with controlled composition, temperature-

and flow rate
Prototypic reactor-material melts doped with nonradioactive-

fission-product chemical species
Fully instrumented to measure aerosol properties and system condi--

tions including x-ray diasnostic system to determine level swell

3.3 Separate-Effects Simulant Experiments and Modelling at Brookhaven
National Laboratory

At Brookhaven National Laboratory, a research program of separate-effects
experiments and modelling is closely coordinated with the CORCON code
development work at SNL. Certain C0RCON output variables depend critically
upon the heat-transfer processes that occur within the debris pool as well as
between the debris and the concrete cavity. Whether or not the imiscible
metallic and oxidic components of the debris are stratified into layers or
become well mixed depends upon many factors and the same debris pool may take
on either configuration at various times. The BNL research is concerned
specifically with the CORCON models that treat these heat transfer processes;
the areas beino. studied include: (1) Interlayer heat and mass transfer in two-

iliquid imiscible systems, (2) liquid-liquid boiling coolant-layer phenomena, i

and (3) the influence of bubble-induced mass entrainment between imiscible
'

layers. The current status of the BNL program is sumarized in table 12.

Table 12. Brookhaven Core-Concrete Program Status and Results j

Bubble-Induced Mass Transfer in Stratified Liquid-Lie

Debris (Liquid Metalic and Liquid 0xidic Components) quid Core
Onset and rates of entrainment and de-entrainment function,-

of liquid-liquid density ratio and surface tension
|

Measured entrainment onset for eight simulant fluid pairs |
-

Measured entrainment rate - function of liquid densities, '-

surface tension, bubble size,and gas flow rate
Entrainment vs. de-entrainment rates determines degree of pool-

mixing (destratification)
e Gas-Bubble Enhanced Heat Transfer

Interfacial heat transfer enhanced without entrainment ,

-

Liquid-liquid thermal equilibrium approached with increased I
-

entrainment
e Heat-Transfer Models are Being Incorporated into CORCON
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Models have been developed to describe the influence of mass entrainment on the
heat transfer between ininiscible layers as well as the influence of gas
bubbling across the surface of the debris pool and overlying water. The latter
studies have shown that film-boiling heat transfer may be enhanced by as much
as a factor of 3-5. The improved models are being prepared for incorporation
into CORCON.

3.4 Chemical Activity Coefficient Measurements at
Battelle Colu tus Laboratory

The rates at which refractory fission-product elements are sparged from molten
debris by decomposition-gas bubbling depend critically upon the characteristics
of the various species and the surrounding chemical environment. Mass
spectrometric measurements of the oxygen potential and activity coefficients of
particularly important systems are being conducted at Battelle. Small sample
mixtures (mg amounts) of core-debris materials are elevated in tungsten crucibles
to temperatures at which the vapor pressures can be measured.

These data are needed to reduce the uncertainties associated with VANESA
predictions which depend on a knowledge of the high-temperature chemical
properties. The scope of the program is sumarized in table 13. The completed
experiments will be described.

Table 13 Battelle Columbus Laboratories Program to Measure
Thermochemical Properties of Molten Core Debris

e Purpose-Provide a Data Base of High-Temperature Thermochemical
Material Properties Needed for the VANESA Chemistry Model:
DATA are Essential to Quantify the Ex-Vessel Refrectory
Fission-Product Raiological Source Tenn

e Methodology-High-Temperature Mass Spectometry
Single-crystal tungsten crucibles used to inhibit chemical-

degradation
Melt mixtures selected to represent typical core-melt regimes,-

e.g. U02 +Zr02 + Zr Metal + Surrogate Fission-Product Elements
Measure vapor pressures to determine chemical activity coefficients-

and system oxygen potential
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UNCERTAINTIES IN HYDROGEN COMBUSTION

D. W. Stamps, C. C. Wong, and L. S. Nelson
Sandia National Laboratories

Albuquerque, New Mexico 87185
1
'

ABSTRACT

Three important areas of hydrogen combustion with uncertainties
are identified: high temperature combustion, flame acceleration
and deflagration-to-detonation transition, and aerosol resuspen-
sion during hydrogen combustion. The uncertainties associated
with high-temperature combustion may affr ,t at least three dif-
ferent accident scenarios: the in-cavity oxidation of combust-
ible gases produced by core-concrete interactions, the direct
containment heating hydrogen problem, and the possibility of
local detonations. How these uncertainties may affect the se-
quence of various accident scenarios is discussed and recommenda-
tions are made to reduce these uncertainties.

1. Introduction

Uncertainties are identified and their consequences are discussed for
three areas of hydrogen combustion: high temperature combustion, flame accel-
eration and deflagration-to-detonation transition (DDT), and aerosol resuspen-
sion during hydrogen combustion. Many other areas of hydrogen combustion
contain uncertainties that have not been quantified. A review by the National
Academy of Sciences [1] on hydrogen combustion as it pertains to severe light-
water reactor accidents recommends areas of research to reduce some of these i
uncertainties. The three areas of hydrogen combustion discussed in the pre- |

sent paper were identified as important areas from research conducted primar-
ily since the National Academy of Sciences review. The purpose of this paper
is to identify the uncertainties in these three important areas of hydrogen
combustion. The consequences of these uncertainties are discussed with res-
pect to various accident scenarios and recommendations are made to reduce
these uncertainties,

i

2. Hinh-Temperature Combustion

The uncertainties associated with high-temperature combustion may affect
|at least three different accident scenarios: the in-cavity oxidation of com-
Ibustible gases produced by core-concrete interactions, the direct containment I

heating (DCH) hydrogen problem, and the possibility of local detonations.

2.a In-Cavity Oxidation

In a severe accident involving core meltdown, the molten core will slump
onto the floor of the reactor cavity after the vessel breach, Fig.1. If the
reactor cavity is dry, the temperature of the reactor cavity atmosphere and
structures may be sufficiently high to promote oxidation of combustible gases
produced by core-concrete interactions. Specifically, hydrogen and carbon
monoxide may react with available oxygen near the heated structures in the
reactor cavity to form steam and carbon dioxide. Complete in cavity oxidation
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|
would prevent any accumulation and combustion of hydrogen and carbon monoxide |

in the lower and upper compartments, and the probability of early containment I
failure caused by combustion would be minimal. However, the ability to pre- i

dict the degree of in-cavity oxidation is severely limited by the lack of
high temperature data for autoignition and flammability limies. The degree of
uncertainty is illustrated by the different results obtained for the amount of
in cavity oxidation calculated for an S2HF (small-break loss-of-coolant acci-
dent with failure of both emergency core-coolant system and conteinment sprays
upon switch-over from injection to recirculation) drain-closed accident in an
ice-condenser containment using the HECTR code (2].

HECTR analyses of the problem show that the degree of in cavity oxidation I

depends strongly on the extent of natural convection, the flammability crite- )
ria for steam-inerted conditions, and the characteristics of the diffusion
flame in the cavity [3, 4]. Assuming an unconditionally complete in-cavity .

'oxidation would prevent any accumulation and combustion of hydrogen and carbon
monoxide in the lower and upper compartments. No sharp pressure rise is pre-
dicted, as shown in Fig. 2. However, assuming an incomplete in cavity oxida-
tion because of various factors such as the steam inerting effect or insuffi- i

cient oxygen transport for oxidation will lead to accumulation and combustion
of hydrogen and carbon monoxide in the lower and upper compartments. This

,

produces a sharp increase in pressure. In the case shown in Fig. 2, the peak |

pressure rise was 384 Pa (56 psig) at 7.4 hours into the accident.
The ability to accurately predict the degree of in-cavity oxidation is a

difficult task because a variety of phenomena that take place in the cavity at
,

the same time can have substantial influence on the process. Three key pheno- ;
mena that contribute substantial uncertainties associated with high-tempera- '

ture combustion will be addressed here: (1) autoignition, (2) flammability |
limits at high temperature, and (3) characteristics of the diffusion flame in )
the cavity. '

Autoignition of a combustible mixture without any ignition source re-
quires a high gas temperature [5]. If one assumes a well-mixed environment in
the cavity, the bulk gas temperature in the cavity has to be above a critical
temperature, known as the autoignition temperature, above which molec.ules
possess sufficient energy for the chemical reaction to become self-propagating
and lead to flaming combustion (6). A self-propagating combustion is a ther-
mal runaway process when the rate of energy gain due to the chemical exother-
mic reaction is greater than the combined rate of energy loss to energize more
fuel and oxygen molecules to form activated complexes plus the heat loss to
the surroundings including the nonreactive molecules. For hydrogen and carbon
monoxide in dry air at normal atmospheric pressure, the lowest autoignition
temperatures measured are 833 and 878 K, respectively [5). Autoignition temp-
erature, however, depends on many parameters such as pressure, catalysts,

ioxygen, fuel and diluent gas concentrations. |
During a severe accident such as an S2HF and with a dry cavity, heat |released from the molten core, which has slumped onto the floor of the reactor i

casIty after the vessel breach, and heat from molten metal-water and molten '

metal-carbon dioxide reactions may be sufficient to initiate an autoignition,
depending on the initial and boundary conditions (7). However, in other cases '

such as a wet cavity without any hot surface, tl.a temperature of the combust-
ible mixture in the cavity may not be sufficiently high to autoignite. In
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order to determine whether autoignition will occur in the cavity, the autoig-
nition temperature of the combustible mixture composed of hydrogen, air,
steam, carbon monoxide , and carbon dioxide needs to be established.

Once the ignition occurs in the cavity, either by autoignition or by some
| accidental source such as a hot surface, it is very difficult to determine

whether this flame will be stable as a continuous combustion process. Sub-
stantial amounts of steam and carbon dioxide are also generated during core-
concrete interactions. This provides a significant heat sink capacity such
that the standing flame may be highly unstable or may even be extinguished.
Hence complete in-cavity oxidation may not occur. Figure 3 shows the pressure
responses in an ice-condenser containment during an S2HF accident for two
cases; one including the steam-inerting effect on in-cavity oxidation based on
the existing flammability data of the mixture at 400 K, which is far below the
calculated gas temperature in the cavity, and the other case excluding the
steam inerting effect. This demonstrates that in order to achieve a better
understanding of in-cavity oxidation, the steam-inerting effect on a combusti-
ble mixture at an elevated temperature needs to be studied. At present, the
flammability limits of a hydrogen: air: steam: carbon monoxide: carbon dioxide
mixture at high temperatures have not been well established because of insuf-
ficient experimental data (8, 9).

Once the in-cavity oxidation begins, most computer codes for containment
analysis, including HECTR, assume an instantaneous one-step chemical reaction.
The comprehensive structure and characteristics of the diffusion flame are not
modeled. Hydrogen and carbon monoxide molecules are assumed to react with
oxygen molecules to form steam and carbon dioxide molecules, respectively, as
soon as they are released to the environment. In reality, the gas mixture
released from core-concrete interactions will rise up as a plume. The oxida-
tion of combustible gases will carry on in the outer mixing-layer of the plume
as a diffusive type of flame, and its rate will be controlled by the relative
rate of diffusion of oxygen into the flame. Insufficient supply of oxygen for
reaction or adding steam to the atmosphere will elongate the flame [10). A
high steam-content environment is very likely to occur during core-concrete
interactions. Hence the flame will probably be longer, and may exceed the
height of the cavity, and extend out into the tunnel, Fig. 4. If there is not
sufficient oxygen for reaction, the flame will probably be extinguished at the
tip of the plume. This will result in an incomplete in cavity oxidation of
hydrogen and carbon monoxide. Other considerations, like the instability of
the flame, which may also prevent a complete in-cavity oxidation, will not be
discussed in detail here; a general review can be found in Reference 11.

2.b Direct Containment Heatine Hydrocen Problem
Direct containment heating is a postulated phenomenon that occurs during

a severe core-melt accident like TLMB' when the primary vessel fails with the
reactor coolant system still at high pressure. Then as the vessel breaches,
the molten corium will be ejected under high pressure from the reactor vessel
and dispersed into the containment atmosphere, thereby causing sufficient
heating and pressurization to threaten containment integrity, Fig. 5. This
DCH problem is a complex phenomenon involving many physical and chemical pro-
cesses that are not well understood and also are extremely difficult to model.
Recent analyses using the CONTAIN code indicate that one of the most dominant
uncertainties is the hydrogen combustion phenomena in the extreme environments
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produced by DCH scenarios (12 14). Some of these uncertainties are a result
of the poorly known effect of high-temperature bn spontaneous combustion
temperatures (or autoignition temperature) and flammability limits as in the
case of the in-cavity oxidatior. problem in section 2.a. Other uncertainties
are due to dynamic conditions such as the transport and mixing of high-
temperature gases promoted by the high pressure injection of the melt.

During high-pressure melt ejection, large qusncities of hydrogen at temp-
| eratures up to 2000 K could be produced in the reactor cavity and lower com-

partment due to rapid metal-steam reactions. Since oxygen is almost immedi- i

ately depleted in these regions during this ejection period, substantial |
amount of hydrogen will not be combusted and ultimately will enter into the i

upper compartment. The threat from containment overpressurization can
increase significantly for some plants if the hydrogen were to burn in this
ostensibly inert environment in the upper compartment, i.e. more than 55 per-
cent of steam and at a temperature up to 900 K. Because of the uncertainties
associated with the inerting criterion, or alternately the flammability limits
of hydrogen air-steam mixtures at elevated temperatures, a parametric study
was performed. The parametric study consisted of two cases in an attempt to
bound the hydrogen deflagre. tion effect. The first case, identified as the
default burn, is based on the existing flammability data of the mixture at a
temperature of about 400 K. That is, a deflagration is precluded in a com-
partment if the concentration of steam is above 55 percent. The second case,
identified as the unconditional burn, neglects any inerting effect; all hydro-
gen combusts regard 1, s of the concentrations of hydrogen, oxygen, or steam.
As shown in Table 1, 2 wide range of peak pressures may result between these
two cases in the parametric study. In many of the runs, the assumed failure
pressure of 9.3 bar for Surry and 4.45 bar for Sequoyah lie between the two
Cases.

The uncertainties associated with the flammability limits of hydrogen-
air-steam mixtures are not the only ones for the DCH problem. Deflagrations
are the only mode of combustion considered by the combustion models in
CONTAIN. At temperatures that are high, but below spontaneous combustion
temperatures, the likelihood of other modes of combustion may increase. For i

example, the effect of elevated temperature on the likelihood of hydrogen air- |

steam mixtures to detonate is discussed in section 2c. For the DCH problem, jif the mixture of hydrogen, air, and steam is uniformly mixed, will the mix- i

ture spontaneously combust, deflagrate, or detonate? If the mixture is not I

uniformly mixed, at what rate can combustion occur at the boundaries of the
hot hydrogen jet or plume as it enters the relatively cooler upper containment
atmosphere? It is also clear that these questions involve dynamic conditions
including transport, mixing, and the prest 1 of hot solid or liquid particles
moving with the gases.

In order to better understand the combustion phenomenon in such an ex-
treme environment produced by the DCH scenario and to reduce the uncertainties
for risk assessment, it is necessary to conduct experiments to address ques-
tions regarding combustion at elevated temperatures. Questions such as flam-
mability limits of a hydrogen: air: steam mixture and the characteristics of the |

jet / plume flame are difficult to answer theoretically because of che complex-
ity of the problem. Experimental work at small scale could provide importan*

1
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'

Surry Plant Sequoyah Plant

_.

Default ' Unconditional ~ Default- Unconditional
Burn Burn Burn Burn

____ _______ _ _ __ --

Case Variation Paax Pmax Pmax Paax

1 Base case 7.2 9.3 7.6 6.64

2 No trapping: Atr - 0 7.9 9.8 7.4 ~7.4

3 Fast trapping:

tr - 10A r (base) 6.4 8.5 6.4 5.5A t

4 Change drop diam, from
0.5 to 1.0 mm 6.9 9.0 6.4 5.8

5 Change steam blowdown
from 30 to 10 sec. 9.5 12.3 8.5 8.8

i

6 Change core injection !

fraction from 0.75 to 0.25 5.9 7.7 3.4 4.6

7 Change Zr oxidation from
0.5 to 0.30 7.4 9.1 7.6 6.6

8 Add 2.0E4 kg
co dispersed water 8.8 11,6 8.1 7.7

9 Add 1.0E5 kg
co dispersed water 6.9 9.5 3.6 4.2

,

Table 1. Comparison of sensitivity study results for Surry and Sequoyah (9].

Peak pressures are given in bars (105 Pa),

i
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information on flammability limits, detonability limits, spontaneous combus-
tion temperatures, and the dynamic conditions associated with the DCH problem.
Scaling laws would also be necessary to apply these results to reactor geo-
metry. Once the experimental data base is developed, hydrogen combustion
correlations derived from this data base may be incorporated into predictive
codes such as CONTAIN.

2.c Local Detonations
Another area of hydrogen combustion affected by high temperature is the

possibility of local detonations in the vicinity of hot hydrogen steam re-
j leases from the primary system. Two accident scenarios are examined: a

TMLB' , or station blackout, accident sequence and an S2D, or small-diameter
break in the reactor coolant system, LOCA. For the first accident scenario, a
MELPROG-PWR/ MODI computer code analysis (15} of a TMLB' accident sequence for
the Surry Unit 1 power unit indicates hydrogen-steam gas temperatures at the
vessel outlet gradually increase from about 600 K to 1400 K over a time period
of approximately one hour. Therefore, depending on the location of the re-
lease, the temperature of the hydrogen-steam mixture in the pipe at the re-
lease point may be up to 1400 K. For the second accident scenario, an analy-
sis of a small break LOCA for the Bellefonte plant was made with the
SCDAP/RELAPS computer code (16) . For an S2D accident sequence with a small
break at the pump in the cold leg, calculations show average cold leg pipe

" temperatures gradually increase during a three hour time period from about 600
K to 1050 K. In general, the gas temperature is about 150 K higher (17) than ,

the average cold leg pipe temperature indicating the hydrogen-steam gas temp-
erature in the pipe may be up to 1200 K depending on the location of the re-
lease. For both eccident scenarios, because of the gradual increase in gas
temperature, hydr < gen may be released before the hydrogen-steam mixture auto-
ignites and potentially burn as a diffusion flame at the release. A hydrogen-
steam release that is burning as a diffusion flame, therefore, can be an igni-
tion source for hydrogen that may have accumulated previously in the vicinity
of the release.

As the hot hydrogen and steam gases that are released mix with the cooler
surrounding air, it is possible that local areas will contain detonable mix-
tures. These detonable mixtures will contain high temperature off-stoichiome-
tric hydrogen-air mixtures that are fuel rich and diluted with large amounts
of steam. It is important that safety-related equipment and the containment
survive a local detonation in these areas. Some safety-related equipment that '

is used to reduce containment pressure, however, is located at some distance
away from the release. The likelihood of a local detonation depends on the
effect that elevated initial temperature has on the detonability of hydrogen- )air-steam mixtures. Based on recent theoretical predictions that will be '

discussed later in this section, the possibility of local detonations at ele-
vated initial temperatures may be more likely than previously thought, parti-
cularly for the off-stoichiometric mixtures and mixtures with large steam
concentrations that are likely to exist near the hydrogen-steam release.
Although the theoretical predictions have been partially supported experimen-
tally, uncertainties in the predictions at elevated initial temperatures can-
not be quantified due to lack of experimental evidence.

The theoretical predictions are obtained from a Zeldovich-von Neumann-
Doering (ZND) chemical kinetics model (18]. The model uses a set of 23 reac- I

1
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tions and 11 species for hydrogen oxidation. The one dimensional ZND model of
a detonation is used to calculate the reaction zone structure. Reaction zone
length, to first order, may be proportional to an intrinsic chemical length
scale of a detonation called the detonation cell width. The reaction zone
length used to predict the detonation cell width is arbitrary. Theoretical
predictions compare well with existing experimental data when the reaction
zone is based on the location of Mach number 0.75. Other reaction zone
lengths, such as one based on the maximum rate of energy rolease in the reac-
tion zone, may also be used.

The limited experimental data are obtained from a heated detonation tube
that is 0.43 m in internal diameter and 13.1 m long [19). The temperature of
the tube can be raised to approximately 375 K. Th; detonation is initiated by

a sheet of high explosive and detonation cells are recorded on a 3.66 m long
by 1.22 m wide smoked aluminum sheet formed into a cylinder that lines the
opposite end of the tube.

The possibility of local detonations near the hot hydrogen steam release
should be considered based on theoretical predictions at elevated initial
temperatures. As shown in Figure 6, a large decrease in the detonation cell
width for fuel lean hydrogen air mixtures is predicted as the initial tempera-
ture increases from about 300 K to 500 K. Similar results are obtained for
fuel-rich hydrogen air mixtures with equivalence ratios larger than the exam-
ple in Figure 6. Since the critical initiation energy depends on the cube of
the detonation cell width, the decrease in the detonation cell width, or al-
ternately the decrease in the critical initiation energy, represents an in-
creased detonability of lean or rich mixtures with elevated temperatures.
Above 500 600 K, the detonation cell width increases and is of the same order
for all mixtures, from lean to rich. Unlike mixtures at ambient temperatures,
this means there is essentially no difference in the detonability of mixtures
from lean to rich at elevated temperatures.

A decreasing detonation cell width is predicted initially for stoichiomo-
tric hydrogen-air-steam mixtures with increasing initial temperatures as shown
in Figure 7. The effect is most pronounced for hydrogen-air mixtures contain-
ing large amounts of steam that would typically exist near the hydrogen-steam
release. Additionally the effectiveness of steam to inhibit detonations de-
creases with increasing temperature. The addition of 40% steam increases the
detonation cell width for a stoichiometric mixture by about a factor of 200 at
380 K compared to no steam, but only by a factor of 2 at 800 K. Above 700 800
K, the detonation cell width is of the same order for all stoichiometric mix-
tures with 0 40% steam. Unlike mixtures at ambient temperatures, this means
there is essentially no difference in the detonability of stoichiometric mix-
tures regardless of the steam content up to at least 40% at elevated tempera-
tures.

The uncertainty in the theoretical predictions for the effect of tempera-
ture on the detonability of hydrogen-air-steam mixtures is not quantifiable in
temperature ranges that are not supported with experimental data. Additional-
ly, because different reaction zone lengths may be used in the theoretical
predictions, additional uncertainty exists between theoretical predictions of
the detonation cell width for the same mixture and temperature. For example,
all predictions illustrated in Figures 6 and 7 are made using a reaction zone
length denoted Z.75 based on the location of Mach number 0.75. When the theo-
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|
retical predictions for the conditions in Figure 7 are made using a different
reaction zone length denoted ZSIGMA (based on the maximum rate of energy re-
lease in the reaction zone) the trends are qualitatively the same in Figure 8

!
'as in Figure 7 but differences are observed in the detonation cell width pre-

diction. The reaction zone length Z.75 is currently used since it provides
the best comparison between the predictions and the data available at lower
initial temperatures. The reaction zone length that provides the best predic-
tions of the detonation cell width for temperature ranges in which an experi-
mental data base does not exist cannot be chosen a priori.

The increased detonability of hot hydrogen-air-steam mixtures predicted
theoretically could influence several aspects of severe accidents that involve
high gas temperatures. Hot hydrogen-steam release from a small break has been
used as an example. Gas temperatures from a release could be up to 1400 K and
in this temperature range a wide range of mixture concentrations will have
similar detonabilities. As the hydrogen and steam from the release mix with
the surrounding air, the potential for a detonation could increase dramatical-
ly based on theoretical predictions with increasing gas temperatures, even for
off-stoichiometric mixtures and mixtures with large steam concentra ions. The
model's predictions have been supported experimentally only for hydrogen-air-
diluent mixtures up to approximately 375 K. If the model is supported experi-
mentally at higher temperatures, its predictions indicate that detonations may
be significantly more probable than previously considered in the vicinity of
hot hydrogen and steam released from the vesec1 or wherever the temperature is
high.
3. Flame Acceleration and Deflacration-tn Detonation Transition

The uncertainty in the area of flame acceleration and DDT has increased
importance due to recent experimental reesirs presented later in this'section
that show the detonability limit is nominally at or near the flammability
limit for some mixtures. For these mixtures, it is important to predict which
mode of combustion, either a deflagration or a detonation, is more likely.
The ability to make this prediction, however, depends on the likelihood of the
mode of initiation of a detonation in a reactor accident. Since the direct
initiation of a detonation in mixtures near the limits may be unlikely in a
severe accident due to the large energy requirements, a more likely mode of
initiation would be through flame acceleration and DDT. Direct initiation at
the limits may be more likely at hieher temperatures, however, based on the
theoretical predictions discussed in Section 2.c. for the effect of elevated
temperatures on the detonability of hydrogen air-steam mixtures. Although
past research on flame acceleration and DDT indicates the important effects of
fuel concentration, obstacles, and venting, current uncertainties in the area
of flame acceleration and DDT preclude the prediction of whether a deflagra-
tion or detonation in a more likely mode of combustion for certain severe
accident conditions. These uncertainties are due to a lack of information on
flame acceleration and DDT for conditions prototypical of severe accidents
including the effects of steam dilution, elevated temperature, large scale,
and prototypical obstacle types and spacings.

A comparison of the flammability, flame acceleration, and detonability
limits is shown in Table 2. The detonability limits are not intrinsic but

i

depend on scale, geometry, and initiation charge strength. The flame acceler- |

ation limit is defined as the point where the flow is choked. The flame ac-

|
1

|
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COMPOSITION THERMODYNAMIC FIAMMABILITY FIAME ACCELERATION DETONATION
STATE LIMITS LIMITS + LIMITS *

Iman H -Air T-20*C, P-1 atm 4-9% H [25]# 10% H [22] 11.7% H22 2 2

Lean H -Air T-100*C, P-1 atm 4.5% H [8] 9.5% H22 2

Rich H -Air T-20*C, P-1 atm 74.2% H [25] 73% H [22] 75% H22 2 2

Rich H -Air T-100*C, P-1 atm 78.5% H [8] (extrapol.) 77% H22 2

Steam-Diluted
Stoichiometric H -Air T-100*C, P-1 atm >52% H 0[8] >35% H 0[26] (to inert)2 2 >35% H O (to inert)2 2

Helium-Diluted
"

Stoichiometric H -02 T-22*C, P-1 atm >86.5% He[27] (to inert) >86.5% He[28] (to inert)2

+ Acceleration of flame to the isobaric sound speed.

# 4% H2 is the upward propagation limit and 9% H2 is the downward propagation limit.

The detonability limits are based on preliminary data and are subject to change.*

Table 2. A Comparison of the Limits of Various Combustion Modes.



celeration limits are also not intrinsic and depend not only on scale, geo-
metry, and initiation strength as with the detonability limits but also on
other parameters such as obstacle type, spacing, and blockage ratio.

Several important points can be made from the comparison of the various
combustion limits. First, a comparison of the detonability limits for hydro-
gen-air mixtures shows the important effect of increasing initial temperature.
The detonable range of hydrogen in a hydrogen air mixtures at 20*C in the HDT
for a planar initiating charge of approximately 100 grams of high explosive is
between 11.7 and 75 percent by volume. This range is much wider than the
range of 18 and 59 percent reported earlier (20). At 100*C initial tempera-
ture, the range of detonable concentrations expands to 9.5 and 77 percent. |

The videning of the limits from 20*C to 100*C by approximately 2 percent
hydrogen on a volume basis on both the lean and rich limits illustrates the
important sensitizing effect of increasing initial temperature discussed in
the section on local detonations. Second, a comparison of the flame accelera-
tion and detonability limits indicates the limits are similar for all mixtures
tested. And finally, a comparison of the flammability and detonability limits
for the mixtures in Table 2 shows that the limits are similar for some mix-
tures and, while there is a discrepancy between the limits for the other mix-
tures, the limits are much closer than previously thought. For those mixtures
in which the limits are similar, if the mixture can deflagrate, it can deton-

ate. The ability to determine which mode of combustion is most likely to
occur will depend largely on our understanding of flame acceleration and DDT.

While a fundamental understanding of the mechanisms of flame acceleration
and DDT is not available currently, recent reviews [21, 22] have summarized
the important roles of geometry, scale, mixture concentrations, obstacles,
venting, and ignition characteristics. The lowest concentration of hydrogen
that has been observed to undergo a DDT is 15% by volume in the FLAME facility
(23). This is not necessarily the minimum concentration of hydrogen that may
undergo a DDT. As shown in Table 2, flames have been observed to accelerate
down to hydrogen concentratiens of 10% by volume. It may be possible that
mixtures in which flame acceleration has been observed may undergo a DDT given
a sufficiently large scale and "run up" distance.

A qualitative methodology has been developed based on the present experi-
mental data base for flame acceleration, DDT, and detonations to estimate the
likelihood of a DDT in a reactor during degraded-core accidents (24). Because
most of the data, however, were obtained for dry hydrogen-air mixtures at
ambient initial temperatures in facilities with small and intermediate scale,
extrapolations of the present data were necessary to apply the methodology to
reactor accidents. To reduce the uncertainty in the qualitative methodology,
additional data on flame acceleration and DDT is necessary for conditions

prototypical of severe reactor accidents. These conditions must include the
effects of steam dilution, elevated temperature, scale, and prototypical ob-
stacles and spacings.

4. Resuspension of Aerosols

In a nuclear reactor accident in which severe fuel damage occurs, aero-
sols containing fission products may be released into the containment build-
ing. Such a phenomenon was observed in the case of the Three Mile Island-2
accident in which numerous fission product radionuclides were found on the
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walls, ceiling and floor of the reactor containment building. This process is,

| sometimes referred to as plateout or deposition. Various accident scenarios
predict the generation and deposition of aerosols on surfaces in the contain-
ment building. For example, calculations of the TMLB' sequence for the Surry
plant suggest that on the order of 1 kg per square meter of aerosols will be
deposited on floors and other horizontal surfaces [29). This corresponds to
an approximately 1 mm-thick layer of precipitated materials containing both
structural and fission product particulates. Another important source of
aerosol deposition in containment might be high pressure melt ejection [30) .

It is usually assumed that the normal coagulation and settling processes
associated with aerosols will tend to mitigate the volumetric concentration of
aerosols in the containment progressively with time. It is also assumed that
when these aerosols are removed from the containment volume by these deposi-
tion processes, they are no longer available for participation in the source
term should the containment fail or somehow be circumvented at a late time.
Additionally, it is assumed that steam or high humidity in the containment
building will tend to cause efficient adhesion of the sedimented aerosols to
the surfaces once deposited.

Recently, however, concern has arisen over the possibility that these
once-sedimented aerosols might be placed ba.k into gaseous suspension by var-
ious events that might happen in the containment [31). One of these involves
the catastrophic failure and depressurization of a containment building over-
pressurized by steam. Other gas dynamic processes such as the V-sequence [32)
are also considered. Significant studies along these lines have been made in
the 1 ACE program [33) .

Relatively little attention has been given to the possible ability of
,

hydrogen combustion to resuspend once-sedimented aerosols. This may have
occurred in the Three Mile Island-2 accident, for example, in which several
global hydrogen deflagrations occurred. The effect of these burns on the
sedimented aerosols has not been studied extensively to our knowledge.

Hydrogen combustion in containment might assume a variety of forms rang-
ing from the mildest of deflagrations through accelerated flames and eventual-
ly to detonations, depending on such parameters as concentrations of hydrogen,
the geometry of the system and the presence of turbulence-producing obstacles
or mechanical agitation [34). It seems likely that hydrogen burns could pro-
duce a variety of gas-dynamic procescer that might affect the deposited aero-
sols. Moreover, it is also possible "hat energy transfer mechanisms unique to
hydrogen burns might also participate in manners other than gas dynamic.

In order to study these phenomena in a preliminary way, Nelson and co-
workers have taken advantage of an ongoing large scale hydrogen combustion
program at Sandia National Laboratories to examine the removal and presumably
resuspension of aerosols from prototypical reactor surfaces exposed to the
burn environment (35). Experiments were performed in the FIAME facility [36),
which is an open-ended, linear channel in which the approach to and achieve-
ment of detonations under various circumstances are being studied. One exper-
iment was also performed in a 5.1 m3 inclined, open-ended cylindrical chamber
called VGES-II [37). Several experiments have also been performed recently in
the 5.6 cubic meter FITS facility [8] to examine the possible effects of de-
flagrations in closed volumes compared to the open linear format of the FIAME
facility.
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Neldon, et al. [35] performed scoping experiments in which bare metal
disks, or planchets, were exposed to the various combustion environments in
the FLAME and VGES-II facilities. These planchets had been exposed to aero-
sols of Cs1 and Mg0 before the shots. The planchets were made of stainless
steel and carbon steel. The planchets were analyzed pre- and post shot by x-
ray fluorescence to determine loss of the aerosols components. Salient fea-

tures of their results with bare metal planchets were:

jFor the more vigorous burns, there was removal of over 60% of Cs, I.

and Mg. |

For the milder burns, the amounts of Cs and I removed were lower, but.

still substantial, in the range 15-55%.
The amounts of both CsI and Mgo aerosols removed from stainless steel.

surfaces were somewhat greater than for carbon steel surfaces,
A flowing, wet steam atmosphere locally enveloping two stainless steele

planchets, one coated with Cs1 and the other with Mgo, seemed to do
little to reduce the aerosols removal compared to analogous, neighbor-
ing planchets exposed to the burn in the absence of steam. In fact,

there is an indication that the removal might even have been enhanced
in the presenec of steam.

The prelimintry expe<iments performed in the closed FITS chamber indicate
e-rvsol removals en the same order as those observed in the experiments per-

formed in FITS and VGli II.
In three FLAME experiments, stainless steel and carbon steel planchets

were .irst coated with a phenolic finish and then exposed to a combined C=0H
and Mno aerosol produced in experiment LA 2 of the LACE program (33). Co.e -x
p4Lison of pre- and post-shot analyses of these planchets suggested:

Trends in aerosol removal similar to those observed in the earlier.

ex *riments with bare metallic planchets.
Grs..ter removals of Cs than Mn..

?norer reproducibility of x ray fluorescence measurements for some of.

the coated planchets caused by cracking and chipping of the phenolic
finish coating during exposure to the LACE experimental environment.
L!ttle effect of a wet steam atmosphere to enhance adherence of either.

CsN' or Mn0x aerosols during the hydrogen burns.
Althcogh there has been significant work done on resuspension of aerosols

snd the effect of moisture thereon in both nuclear [33] and non nuclear [38)
applic3tibns, there h , been little effort devoted to highly energetic situa-
tions. as light 'fi encountered in the hydrogen combustion situation. Most of
the Quantitative work on aerosol resuspension has been done in the presence of
hydrodynam|c flows only.

There 3ra many unce-tainties associated with the work of Nelson, et al.
(L5). In nvio o' their exroriments was resuspension of aerosols studied di-
sectly. This was n;dnly # practical matter because of the scoping nature of
the experiments. However, serimts personnel, safety sed enviiotsencal ques-
tio.s ari;e when a reserpeneion of ceratale experiment is attenpted in a fa-
ei' Jty as large as the PL1MC ficiittj. It saw eaciactad that to deposit a

yra*t(ypi.ai coar.ing of aercsoJr en the floor of the F1AME faciitt) it would
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have been necessary to use 66 kg of aerosol. Since cesium iodide was one of
the major materials of interest, the health and environmental impact of dis-

| charging this amount of material into ambient atmosphere was seriously ques-
! tioned. Moreover in facilities as large as FLAME and VCES-II, the sampling of

j
aerosols directly becomes as complex and costly operation. Furthermore, the
interpretation of the data in a rapidly changing, pulsed flow becomes diffi-
cult. The experiments in the FITS facility, because it is a closed volume,
should be more amenable to careful sampling and meaningful data analysis.

Nelson, et al. (35] have hypothesized that several unique properties of
hydrogen burns may cause effective and efficient removal of aerosols deposited
on surfaces. For example, the instantaneous presence of energetic short lived
species such as free atoms and radicals and possibly ionic species may well
provide a surface cleaning mechanism somewhat analogous to the commercially
available plasma cleaning devices. Moreover the presence of rapid pressuriza-
tions and, in some cases, rarefactions, may cause the aerosol to efficiently
leave the surface as the burn progresses. Nelson, et al. have also hypo-
thesized that the most effective means of resuspending aerosols caused by the
hydrogen burn might be related to the intense infra-red radiation produced
during the burn. This would tend to give localized surface heating in the
vicinity of the aerosols. It is also hypothesized by these workers that the
discrete vibrational and rotational radiation emitted by excited water mole-
cules may be selectively and efficiently absorbed by adsorbed water at sur-

,

faces which normally causes adherence of the aerosol to the surface. It is
'

possible that the adhering film may virtually "explode" and drive aerosol from
the surface. Nothing in their scoping experiments contradicted this observa-

;

tion.

In light of the possible containment-threatening nature of some hydrogen
burns, and the apparently efficient removal of aerosols from surfaces in the
presence of hydrogen burns, it would seem very important to study in careful '

detail the phenomena that would arise from exposure of deposited aerosols to
hydrogen combustion. Not only should the removal experiments be extended, but
also full scale resuspension experiments should be performed in which aerosols
are sampled in the gas phase during and after the hydrogen burn. Many tech-
niques are available for these latter studies. One that has been carefully
worked on for use in atmospheric tracer experiments is the fluorescent dye i

particle techniqvs which has been used to observe air motion over long i

distances (many kilometers) [39). This might be considered as a scheme to
study the aerosol resuspension produced in a large open combustion chamber
such as FLAME. Also, the hypothesized selective absorption of discrete radia-
tion ewitted by excited water molecules might be tested by studying the com-
bustion of CO in air. Since the products of this reaction do not contain
water, the discrete emission from CO burns would definitely be at different
wave lengths than the absorption of the water molecules at the surface. Thus

i a distinction misht be made betwean the purely thermal (black or gray body)
{ absorption of thq r.ldiation and this discrete absorption at specific molecular
; resonances. Another procedure for studying removal from surfaces would be to

use optical methods [40).

5. Discussion of Uncertainties and Recommendations
Important uncertainties are identified for the areas of high temperature
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combustion, flame acceleration and DDT, and aerosol resuspension during hydro-
gen combustion. The impact of these uncertainties on various accident scen-
arios and recommendations to reduce these uncertainties are discussed. The
uncertainties associated with high temperature combustion may affect at least
three different accident scenarios: the in cavity oxidation of combustible j

gases produced by core concrete interactions, the DCll hydrogen problem, and j

the possibility of local detonations. Uncertainties in the inerting criterion l

at elevated temperatures preclude the ability to accurately predict the degree
of in cavity oxidation. As a result of this, a parametric study using HECTR
yields a wide range of peak pressures in the lower and upper compartment due
to either steam pressurization or a hydrogen burn coupled with steam pressuri-
ration depending on the inerting criterion. The uncertainties may be reduced
by obtaining high temperature data for autoignition temperatures and flam-
mability limits for hydrogen Arbon monoxide air-diluent mixtures, Similar to

the in-cavity oxidation problem, the peak pressure in the DCH problem cannot
be predicted accurately due to uncertainties in the inerting criterion at high
temperatures. An accurate prediction of the peak pressure may be important in
determining containment integrity. Autoignition temperatures and flammability
limits for hydrogen air steam mixtures at elevated temocratures will reduce
these uncertainties. Additional uncertainties exist for the dynamic processes
associated with the DCH problem. Determining what modes of combustion are
possible and the different rates of combustion associated with the transport
and mixing of combustible gases at elevated temperatures will reduce those
uncertainties. The uncertainty in the theoretical predictions for the effect
of initial temperature on the detonability of hydrogen-air-steam mixtures
increases as the predictions are extrapolated farther from the existing data-
base which is between approximately 300 K and 400 K. It is important to re-
duce these uncertainties to determine the likelihood of a local detonation at
elevated temperatures. This can be accomplished by developing an experimental
database for the detonability of hydrogen-air-steam mixtures at temperatures
greater than 400 K, particularly for off stoichiometric mixtures and mixtures
with large steam concentrations. The ability to determine which mode of com-
bustion, either a deflagration or a detonation, is most likely is not present-
ly possible due to uncertainties in the areas of flame acceleration and DDT.
These uncertainties impact the qualitative methodology that is currently used
to estimate the likelihood of a DDT in a reactor during degraded core
accidents. To reduce the uncertainty in the qualitative methodology, addi-
tional data are necessary for conditions prototypical of severe reactor acci-
dents including the effects of steam dilution, elevated temperature, scale,
and prototypical obstacles and spacings on flame acceleration and DDT. Uncer-
tainties associated with the removal mechanism of aerosols containing fission
products, especially with respect to deposited aerosols in the presence of
condensing steam, limit our ability to determine the effect that resuspension
has on the radiological source term. The resuspension and dispersion of aero-
sols may have important radiological consequences if containment failed as a
result of hydrogen combustion at some relatively late time. Because of the
possible serious consequences, it seems important to be able to confidently
model the effects of resuspension of aerosols by hydrogen burns on the source
term under various accident scenarios. To validate the models, it is neces-

sary to investigate experimentally on large and small scales the resuspension
of aerosols both by direct sampling of the aerosols and by the ramoval of
aerosols from surfaces.

;
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QUANTIFICATION OF UNCERTAINTIES 1N SOURCE TERM ESTIMATES
FOR A BWR WITH MARK I CONTAINMENT *

M. Khatib-Rahbar E. Cazzoli, R. Davis, T. Ishigami**, M. Lee
H. Nourbakhsh, E. Schmidt, S. Unwin

Department of Nuclear Energy
Brookhaven National laboratory

Upton, NY 11973

1. INTRODUCTION

Over the last decade, substantial development and progress has been made
in the understanding of the nature of severe accidents and associated fission
product release and transport. As part of this continuing effort, the United
States Nuclear Regulatory Commission (USNRC) sponsored the development of the
Source Term Code Package (STCP), which models core degradation, fission prod-
uct release from the damaged fuel, and the subsequent migration of the fission '

products from the primary system to the containment and finally to the envi-
ronment.

in order to better establish the validity and potential applications of
source term predictions from these phenomenological models, quantification of
the uncertainties associated with the STCP calculated source terms is essen-
tial.

'

A methodology for Quantification and Uncertainty ~ Analysis of Source Terms
for Severe Accident in Light Water Reactors (QUASAR) has been developed and-

discussed in References [1] and [2]. ~The objectives of the QUASAR program are
(1) to develop a framework for performing an uncertainty evaluation of the
input parameters of the phenomenological models used in the source Term Code

3Package (STCP), and (2) to quantify the uncertainties in certain
phenomenological aspects of source terms (that are not modelled by STCP) using
state-of-the-art methods.

The QUASAR methodology consists of (1) screening sensitivity analysis,
where the most sensitive input variables are selected for detailed uncertainty
analysis, (2) uncertainty analysis, where probability density functions (PDFs)
are established for the parameters identified by the screening stage and
propagated through the codes to obtain PDFs for the outputs (i.e., release
fractions to the environment), and (3) distribution sensitivity analysis,
which is performed to determine the sensitivity of the output PDFs to the
input PDFs.

* Work performed under the auspices of the U.S. Nuclear Regulatory Commission.
Views expressed are not necessarily those of the Nuclear Regulatory Commis-
sion. l

** Visiting Scientist from Japan Atomic Energy Research Institute.
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In this paper attention is limited to a single accident progression
sequence, namely; a station blackout accident in a BWR with a Mark I
containment building. Identified as an important accident in the draft
NUREG-1150'' a station blackout involves loss of both off-site power and DC
power resulting in failure of the diesels to start and in the unavailability
of the high pressure injection and core isolation coding systems.

2. SCREENING SENSITIVITY ANALYSIS |

|

The screening sensitivity analysis is necessary in order to reduce the
number of input variables to a manageable level.

The general problem addressed by screening is one that is basic to the
analysis of most large and complex computer codes. One is faced with solving
a large system of equations requiring a vast amount of input data whose
importance to the calculated results are not often quantitatively understood.
Screening is thus designed to determine which data elements are important for
a given calculated result. This will reduce the number of model parameters
for which an extensive uncertainty analysis is needed.

Each constituent code in the STCP has been used for detailed sensitivity
analysis. In this approach, a stratified Monte Carlo technique (i.e. the
Latin Hypercube Sampling (LHS)) has been used to generate input vectors for
each computer code. The response of the examined codes to these input
variations were analyzed by regression. importance measures based on Partial
Correlation Coefficients (PCC's) and Standardized Regression Coefficients
(SRC's) were calculated on the raw and ranked data as reported in References
[5] through [8]. The choice of using the rank regression results (Partial and
Standardized Rank Correlation Coefficients, PRCC and SRCC, respectively),
rather than the results of the regression on the actual input variability, was
based on the desire to avoid the adverse effects of nonlinear correlaticas of

9input and output variables . In many cases, the functional dependencies of
input and output variables my be complex and not be amiable to a priori
specification. Also based upon the guidance provided in Reference [1], a-

threshold criterion for screening correlations was employed. If the absolute
value of the PRCC exceeded 0.60 the paired variables were considered to be
correlated to an extent worthy of further consideration, otherwise they were
considered to be insensitive and thus eliminated as candidates for further
uncertainty evaluation. Figure 1 shows a typical scatterplot and time
dependent PRCC and SRCC for Sr release versus its activity coefficient,
showing a very strong correlation.

Using this approach, the most sensitive input parameters to the STCP
listed in Table 1 were screened and selected for further uncertainty analysis.

3. FORMULATION OF PROBABILITY DISTRIBUTIONS

The QUASAR program utilizes probabilisitic characterizations of STCP
input parameter uncertainties. Care is taken, however, to address many of the
concerns expressed on occasions regarding the formulation of probability
distributions in the nuclear safety assessment context. Typical of such
concerns are: (1) the spareseness of relevant data precludes reliance upon
notions of experimental population variability in the construction of,

distributions, and (2) the subjective approach to formulating distributions

|

|
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Table 1 "ost Sensitive Input Parameters for STCP Together With Their Respective
Ranges and Probability Density functions (Uncertainty Distributions)

Range (Percentile)
Code Parameter Definition Coordinate

Min. 5th 95th Max. Basts

MARCH DPART (m) Debris particle size (in-wessel) 10-8 10-8 0.2 0.2 Log-Uniform
FHEAD fraction of bottors head CCI O 0.01 1.0 1.0 Untform
FDROP Core slu@ criterion 0 0.01 0.75 0.75 Uniform

aH(1)(MJ/m )8 Volumetric latent heat of fuel 410 410 2420 2420 Uniform
f

RHOCU (MJ/m *k) Volumetric heat capacity of fuel 2.96 2.96 4.44 4.44 Uniform8

TMELT (*K) Fuel relting temperature 2120 2200 2980 3110 Uniform
WORID (kg) Mass of grid plate 3.4x10' 3.4x10* 4.8x10* 3.4x10' Uniform
Py(Pa) Containment leaLage pressure threshold 1.0x105 4.1xlV5 1.4x10 1.5x10' Uniforr3

P (Pa) Containment rupture pressure threshold 4.9x105 8.9x105 1.6x10 2.5x106 Uniform
r

Proportionality constant between 4.7x10 2 4.7x10-2 6.1x10-2 6.1x10-2 Uniform
C(2)(m /Pa) Drywell leakage area and drywell pressure2

COR50R-M Cs. I. Te(3) Multtplier for the pre-exponenttal factor 10-8 10-2 2 10 Log-Uniform !

10-1 10-2 10 102Ba,Sr(3) Log-Uniform= = = a

10-8 1 102 108Ru, Rh, Pd(3) Log-Uniform* * * *

10-3 10-2 10 102Mn,Cr(3) Log-Untform= = = =

'

TRAPMELT GAMMA Collision shape ftctor 1.0 1.2 10 15 Uniform
VTE (mm/sec) Te deposition velocity 0 0.1 90 100 Uniform

Z PDEN (kg/m ) Aerosol Density 1000 1000 8000 8000 Uniform8

cm
SPARC DIAM (m) Mean bubble diameter 3 4 12 20 Uniform

RATIO Bubble aspect ratio 1 1.25 1.5 4 Uniform
V5 WARM (m/sec) Bubble swarm rise velocity 0.2 0.25 1.0 1.2 Uniform

CORCON RW (m) Corium spread (radius of cortum pool) 3 3 6.5 6.5 Uniform
TDC (*k) Concrete decomposition temperature 12U0 1690 1875 1950 Uniform
EVAP Weight 1 of concrete evaporable water 2.3 3.9 7.8 3.0 Uniform
EM "etal phase emissivity 0.2 0.5 1.0 1.0 Uniform
ES Emissivity of Surroundings 0.1 0.1 1.0 1.0 Uniform

VANE 5A $!GMA Aerosol size distribution parameter 1.5 1.5 S.2 3.2 Uniform
NC Number concentration of condensed aerosol 10? 107 10' 10' Log-Untform
Mo, Te, Csl Activity coefficient 10-* 10-8 1 10 tog-Uniform
Ba0,Sr0(2) 10-* 10-8 1 10 Log-Uniform= =

10-* 10-8 1 10 Log-UntformLa 0 , Ce0 (2) * *

2 3 2

MAUA GAMMA Colliston shape factor 1.0 1.0 10 10 Uniform
CHI Dynamic shape factor 1.0 1.0 5.0 10 Uniform

(1) With a correlation coefficient of 0.9 with TMELT
(2) A=C(P-Pj)
(3) With a correlation coefficient of 0.9

.
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gives an unwarranted impression of precision, thus understating the true
degree of uncertainty.

The QUASAR approach to formulating distributions is a new one in the
Probabilistic Risk Assessment context and places reliance uponprinciples of information theory.8(PRA)Given the absence of a relevant data base,
the utilization of expert opinion in characterizing uncertainties is a
necessity. The approach utilized, however, is one in which the information
elicited from the experts does not exceed that of which each individual is
legitimately capable of providing. In particular, the experts were not asked
to provide entire probability distributions, but, rather, to provide a minimal
number of constraints, relative to each uncertain parameter, that the
corresponding distribution must satisfy. A measure characterizing the i

uncertainty reflected by each probability distribution, was then maximized
subject to whatever expert-provided constraints were available. In this way,
the resultant distributions are those that reflect the greatest degree of
uncertainty consistent with the finite, individually defensible constraints
furnished by the experts.

Details of the technique for formulating probability distributions in the
QUASAR program are contained in Reference [8]. In brief, the approach is one
in which the constraints upon any one distribution is in the form of
uncertainty bands: a credibility band and a reasonable uncertainty band. The
former is the narrowest band that encompasses all ' credible' values of the
parameter under consideration. Hence, it determines the region of the
parameter space over which the distribution is to be constructed. Clearly,
where Monte Carlo methods are to be utilized to propagate distributions, all ;
approaches require the establishment of such bands. The latter type of band
is the narrowest such that there is ' reasonable' certainty that the true value
of the parameter does not lie outside the band. For this less restrictive
band definition, the convention used was one in which the band edges are
interpreted, generally, as 0.05 and 0.95 quantile levels of the distribution
to be constructed. The basis for this convention is discussed in References
[8] and [10].

i

Extremization of a distribution subject to these constraints is effected
relative to the Kullback-Leibler information-difference measure D:

f(x)1n P (x)D= P dx
J P (x)g

- -

Here, x is the parameter of uncertain magnitude, P(x) is the distribution to
be formulated and P (x), the pre-prior, is the distribution adopted too
reflect maximal ignorance in the absence of constraints. D, a measure of the
difference between the information inherent in P(x) and the information
inherent in P (x), is closely related to the notion of information-theoretico
entropy, although somewhat refined. Hence, to maximize the uncertainty
reflected by P(x), subject to constraints, is to minimize D subject to those

i same cor.st raints . Given, the reasonable uncertainty band constraints
described earlier, the distribution that minimizes D is generally of a simple
piecewise uniform or piecewise loguniform nature.

1

|
|
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dith regard to the aggregation of the opinions rendered by individual
members of any one expert group, two options were available: (1) l

'distributions could have been formulated on an expert-specific basis and then
aggregated via some probabilistic algorithm, or (2) the uncertainty band
information provided by each expert could have been aggregated by the analysts
into net uncertainty bands and a single distribution then formulated by use of
the information-theoretic principles described. The latter option was
selected for both practical and conceptual reasons. The practical reason is
that not all experts provided appropriate constraints by which to implement
the information theoretic principles. The conceptual reason is that
aggregation of distributions utilizing some selected probabilistic algorithm
would not in general preserve the simple scrutable nature of the input
piecewise uniform distributions. Given that scrutability and defensibility
are prime objectives of the distribution formulation procedure, aggregation of
the raw expert-provided information, by reference to the underlying physical
and chemical principles, was the preferred approach.

4. PROPAGATION OF UNCERTAINTIES

The uncertainties associated with each input variable quantified in the
previous section and listed in Table 1 are propagated through the STCP using
the LHS approach. The various dependencies between the variables is taken
into account during the sampling process.

The choice of the sample size n depends on a number of considerations but
will be dominated by the cost of carrying the calculations and the number of
the input variables k. Though it is not an absolute rule, it is suggested
that n be greater or equal to 4/3k for moderate k. For the present analysis,
this requires a sample size of about 60 (k=43; n=4(43/3)=57); however, in
order to minimize possible statistical errors, a sample size of 100 was
adopted.

The 100 LHS input vectors were propagated through the STCP and detailed
thermal-hydraulics and fission product release information were stored for
future evaluation.

5. OUTPUT IMPORTANCE AND SENSITIVITY ANALYSIS

Following the completion of the uncertainty propagtion, the sizeable
number of STCP generated samples are used to determine the importance measures
based on the time-dependent PRCC and SRCC for all of the relevant variable to
establish an importance ranking. Furthermore, the sensitivity of the
calculated radiological release uncertainty distributions to the assigned
input uncertainties (input PDFs) is also established as described in Reference
[12].

6. RESULTS

Figure 2 illustrates the calculated uncertainties (PDFs) associated with
the radiological releases into the environment for the nine fission product
groups at 10 hours following the initiation of corium-concrete interactions.
Also shown are the results of the STCP base case simulation. It is seen that
the uncertainties in the calculated releases are significant.

,
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Figure 2 Calculated uncertainties in radiological releases into the
environment for a station blackout sequence in a BWR with
Mark I containment.
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The calculated uncertainties in lodine and Cesium releases are for tha
most part governed by the uncertainties in the transient release during core
meltdown and in the Csl chemical activity coefficient during corium-concrete I

interactions, and to a lesser degree by the c' ore slump criterion and the l

containment leakage pressure threshold.

The uncertainties in Te, Sr, Ru, La, Ce, and Ba releases are governed by |
the uncertainties in the chemical activity coef ficients and the containment

|rupture pressure threshold. The apparent reduced uncertainty for the la group
in comparison to other refractory groups is due to the assumed reference state
of Nb in the STCP/Modl version of VANESA code, which has been corrected in
more recent versions of the VANESA code. On the other hand, the uncertainty

in the release of noble gases is only governed by the containment rupture
pressure threshold.
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PRELIMINARY RES'!LTS OF AEROSOL DEPOSITION EXPERIMENTS
IN AN ENGINEERING-SCALE ICE CONDENSER

l

I
L. D. Kannberg, M. W. Ligotke, E. J. Eschbag and B. A. RossPacific Northwest Laboratory

, Richland, Washington 99352
!

ABSTRACT

Initial data are reported from engineering-scale tests of aerosol
deposition in a small section of an ice condenser typical of that
used in certain pressurized water reactors (PWRs). The data will
be used to validate a computer code (ICEDF) that predicts aerosol
deposition in PWR ice condensers. The code was developed to assess
the effectiveness of orie type of engineered safety feature (ESF).
Such assessment is part of a high-priority U.S. Nuclear Regulatory
Commission effort to reassess and update analytical procedures for
estimating accident source terms for nuclear power plants.

The engineering-scale test facility designed and constructed for the
testing has the capability of passing steam / air mixtures through a test !
section containing the equivalent,of four full-height (48-ft) ice baskets.
Flows ranging from 0.03 to 0.38 m /s at temperatures up to 200*C are
possible. Aerosols to be mixed with the gas flow are generated by dis-
persion of powders in fluid energy mills or by atmoization of liquids in
two-fluid spray nozzles.

Results of the three tests completed show that decontamination factors
(DF = aerosol mass flux entering divided by aerosol mass flux leaving)
from 1 to 3 are achieved in the test section depending on aerosol, gas
flow, and ice conditions. A measured DF of 1.0 was obtained when no ice

waspresentinthetestsection,theaerosolaerodynamicmag/s.s median ;

diameter (AMD) was 6 m, and gas flow rate was low, 0.03 m The icomputer code, ICEDF, calculated a DF of 1.4 for similar conditions.
ine6 ice was present in the system and the same aerosol and gas flow
conditions were used, the measured DF increased to 2.1 while the ICEDF
computed DF ranged from 2.6 to 1.9. TheQFincreaseddramaticallywhenthe gas flow rate was increased to 0.23 m /s and had a steam mole fraction
of 0.44. Including the zone upstream of the test section where consider-
able cooling occurs, a measured DF of 10 or more was observed. The test
section DF declined during this test from 3.6 to less than 1.0, as ice
was melted out. Particle growth from 2.4 pm (AMD) to 9.1 pm (AMD) was
observed in the test section during this test, probably due to steam
condensation. Test temperature data and flow visualization studies indi-
cate complex gas flow with stable large-scale flow recirculation.

(a) Operated for the U.S. Department of Energy by Battelle Memorial Institute
under Contract DE-AC06-76RLO 1830.

;

281



. _ . _ _ _ _ _ __ _ . __ __ .. _. _

INTRODUCTION

The U.S. Nuclear Regulatory Cce ission (NRC) is undertaking numerous studies
to refine earlier estimates of radioactive emissions from nuclear power plants
during severe accidents. This effort to define source terms includes the
evaluation of various engineered safety features (ESFs) as a means of reducing
the postulated airborne concentrations of radioactive aerosols within a power
reactor containment system following a severe reactor core accident,

,

One ESF in certain pressurized water reactor (PWR) containment buildings is r

an ice condenser. The primary function of this ESF is to condense steam that
would otherwise contribute to a buildup of pressure in the containment shell, i

A typical ice conderiser is illustrated in Figure 1. The ice condenser is
composed of 1,944 baskets, each 48-ft (14.6-m) tall and 1-ft (30.5-cm) in
diameter. Each basket contains flaked, borated ice. The amount of ice typi- 4

cally present during reactor operation is in excess of 1.1 million kg (2.4
million Ib). -

Results of an earlier examination of the ice condenser suggest that it could
serve as a very effective aerosol trap during severe nuclear accidents (Wine-
gardner, Postma, and Jankowski 1983). /. computer program, ICEDF, was developed
to estimate the extent of aerosol deposit in the ice condenser (0wczarski,
Schreck,andWinegardner1985). However, the code developers found inadequate'

data for cede validation.

To hel) validate the ICEOF code, researchers at Pacific Northwest Laboratory4

(PNL) lave initiated a program to obtain data on the deposition of aerosols
in a representative section of an ice condenser. In the test section, all
pertinent thermohydraulic and aerosol deposition processes anticipated during
reactor accidents are represented as closely as feasible.

presented a year ago (Kannberg et al. 1986)per provides an update on information
The program was initiated in 1985. This pa

Discussion focuses on the comple-.

tion of test facility construction and on initial test results.

: Before initiating design and construction of the test facility, a review of
1 the available information on severe accident secuences was conducted for PWRs
1 having ice condensers. Information on thermohyc raulic and aerosol conditiont

at the inlet to the ice condenser was used to develop functional design criteria3

for the test facility and to help design a matrix of conditions at which testing
I would be conducted. This test matrix is shown in Table 1. The underlined tests

have been completed.

This work was supported by the U.S. Nuclear Regulatory Commission under Contract
DE-AC06-76RL0 1830, NRC FIN B2444.
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TABLE 1. Text Matrix

Particulate Characteristics Test Section Inlet Stream Parameters Test Section

Volume Flow Steam

Test A>ND Density Mass Conc. Material Temperature Rate Mole Ice
No. m g/cc g/m3 Solubility 'C m3/s Fraction Fraction

1 12.00 4.5 7.0 1 60 0.15 0.20 1

2 12.00 2.0 0.74 -1 60 0.030 0.04 1

3 0.70 2.0 0.0037 -1 60 0.15 0.04 1

4 12.00 2.0 20.0 -1 105 0.033 0.90 1

5 4.22 2.0 7.0 1 105 0.380 0.90 1

6 12.00 2.0 1.8 1 200 0.030 0.04 1

7 4.98 4.5 7.0 -1 200 0.15 0.04 1

8 12.00 2.0 0.74 -1 200 0.380 0.90 1

9 1.25 4.5 0.0037 1 200 0.030 0.90 1

h 10 6.00 2.0 4.0 1 125 0.220 0.42 1

11 2.00 4.5 0.025 -1 125 0.220 0.60 1

Replicate
12 (4) 12.00 2.0 20.0 -1 105 0.033 0.90 1

13 (5) 4.22 2.0 7.0 1 105 0.380 0.90 1

14 (10) 6.00 2.0 4.0 1 125 0.220 0.42 1

No ice
15 (2) 12.00 2.0 0.74 -1 60 0.030 0.04 0

i

:Notes: '

Material solubility: 1 = soluble, -1 = insoluble
Ice fraction: 1 = full ice baskets. 0 = empty ice baskets
APMD = aerodynamic mass median diameter
Underlined tests completed as of 10/01/87

t
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FACI (ITY 0:ISCRIPTION

The purpose of testing conducted ii. t;.e ICEDF test facility is to measure the
retention of airborne particles that would occur under prototypic conditions
in a nuclear power plant ice condenser. A number of testing capabilities
have been developed:

generation of unifonnly-mixed steady-state streams of heated air, super-*

heated steam, and various aerosols

introduction of gas / aerosol mixtures into a representative full-height*

ice condenser test section

measurement of gas temperature, steam content, and aerosol concentration*

and size distribution at the entrance, exit, and various locations within
the ice condenser test section

measurement of the test section temperature and rate of liquid draining*

from the test section

filtration of particulate matter from the exhaust gas stream.a

Construction of the test facility was completed in April 1987. An isometric
view of the facility is presented in Figure 2.

The inlet stream to the ice condenser test section is composed of steam, hot
air, and various aerosols as required for each individual test. A total inlet

8

gasflowraterangeof0.03to0.3g/s.m /s corresponds to prototypic plant flowrates of cpproximately 16 to 200 m Steam is generated for most of the

testingina150-kWelectrig/s),scheduledforlateinFY1988andFY1989boiler and can be superteated to 200 C. Steamfor high flow tests (0.38 m
will be provided by a rented, gas-fired boiler capable of providing 910 kg/hr

,

(2000 lb/hr). Filtered compressed air is used for tests requiring low non-,

'

condensible flow rates. Higher noncondensible flow rates are provided by a
45-kW (60-hp) blower. A heater is used to heat the air stream to 200 C.

The test section has a square cross section and contains the equivalent of
four full-height [48-ft (14.6-m)] ice baskets. The cross section has one whole
basket (graciously provided by Duke Power Co.) and four each of half- and
quarter-section baskets. A lattice work of support members matching the plant
arrangement is provided every 6 ft of elevation in the test section. Turning
vanes are provided in the 90* corner ducts above and below the ice baskets to
reduce nonuniform gas flows that may be caused by flow redirection. The test
section contains 11 access doors (including one for ice loading), 11 4-in.
(10.2-cm) windows, and 12 instrument probe panels. A valved bypass is provided
to permit operation of fluid and aerosol streams while maintaining the ice
condenser test section in isolation.
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All fluid streams supplied to the test section inlet are characterized with
variable area flowmeters, with the exception of the high flow air supply,
which is monitored with a vortex meter. The exit gas flow rate is measured
with a pitot-static tube.

Liquid drained from the test section is measured in a sump and periodically )pumped to waste. Liquid collected in the sump is sampled aeriodically during
Jthe test to evaluate particulate matter concentration in tie meltwater.
|
,

ITemperatures and pressures are monitored for all fluid streams entering and
exiting the test section and at various locations in the test section. The
measurements of temperature in the test section are made in the channels between
the baskets nhere the primary gas flows occur when ice is present. During a
test, thermohydraulic data are gathered and stored automatically by a computer
dataacquisitionsystem(OAS). The DAS records output from 80 temperature
sensars, 8 pressure transducers, 7 flowmeters, 2 load cells, and a laser trans- i

missometer.

Aerosol mass concentration is measured with filters at five locations including
;

the inlet to the test section and at four elevations. Aerosol size distribution I

is measured with cascade impactors at three locations including the inlet and
'two test section elevations. In both cases, isokinetic probes are used to

withdraw the sample from the test section. The sampling probes are heat traced
to prevent condensation in the sampling lines or on the collection substrate.
Critical orifices are used to control sample flow rates. Chilled condensate

ltraps are used to condense water to determine the steam mole fraction in the
itest section gas periodically during the test. '

The parameter ranges were selected because they span the majority of conditions
occurring during postulated accidents. However, the entire range of accident
conditions could not be accommodated within a reasonable design. Aerosol solu-
bility is considered an important factor because of its possible affect on the
particle growth, which is due to steam condensation and ice melt. The size
distribution of the aerosol particles is also important because anticipated
processes of deposition are strongly affected by particle size. Fortegting i

purposes, two distinct particle densities were selected, 2 and 4.5 g/cm . I
The combinations of parameters, probable generation methods, and primary aerosol |
materials are given in Table 2. Cesium iodide, a likely actual accident aerosol ;

material, will be used during tests involving dense, soluble particles. Complex
aerosols, having particles consisting of several different materials will not |

be addressed in this phase of ICEOF code validation experimentation. A two-
fluid atomizing nozzle system was selected to
with aerodynamic mass median diameters (AffiD) generate most of the aerosolsless than approximately 2 pm
and an energy mill was selected to generate the remaining large-particle aero-
sols.

%
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TABLE 2. Aerosol Generation Techniques and Materials for ICEDF Tests ;

|

Test No. Generator Primary / Backup Material |

|
1 EM CsI/- |

2 EM SiO2/ Fluorescein
3 AN Fluorescein /SiO2
4 EM SiO2/ Fluorescein
5 EM/AN NaC1/ kcl

6 EM kcl / Nacl /Uranine
7 EM/AN ZnS/TiO2/Al203
8 EM SiO2/ Fluorescein
9 AN CsI/-

10 EM/AN kcl / Nacl
11 AN ZnS/TiO2/Al203

Material Fomula Material Fomula
Primary Secondary

Alumina Al203 Calcium carbonate CACO 3

Cesium iodide Cs! Cesium hydroxide Cs0H

Potassium chloride KC1 Magnesium oxide Mg0

Silica SiO2 Tellurium dioxide Te02
Sodium chloride Nacl Tin Sn

Titanium dioxide TiO2 Zinc chloride ZnC1

Zinc sulfide ZnS

Fluorescein C H 020 12 5

EM = Energy mill
AN = Atomizing nozzle
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COMPLETED TESTS AND PRELIMINARY RESULTS !
l

During FY87, one facility acceptance test and three "matrix" tests were con-
i

ducted. The acceptance test employed the same target conditions as Test ;
10-4 listed above in Table 1. In addition to tests of equipment and procedures, ;,

the potential for ice condensers to work as aerosol scrubbers demonstrated.! '

planned test g hout ice), Test 2-3 g d in FY87 were Test 15-2 g (the only
The subsequent "matrix" tests condu

(counterpart of Test 15-2 with ice)
and Test 10-4 (the same as the acceptance test), in that order. During
Test 2-3 and Test 10-4, the effects of initial steam blowdown were simulated
by injecting steam into the ice condenser until 20% to 30% of the initial ice
inventory was melted. This was done because computer simulations of severe
accidents indicate that in most of the accident sequences, about 30% of the
initial ice inventory is melted prior to release of aerosols (Gieseke et al.
1984).

The acceptance test provided the first opportunity to test steam and air supply
systems simultaneously, as well as aerosol generation and measurement systems
and steam measuring devices. Problems with aerosol sampler heating, condensate
collection, and the power supply to the computer system were identified and
subsequently corrected.

Thermohydraulic and aerosol conditions and particle deposition measured during
Tests 15-2, 2-3, and 10-4 are summarized in Table 3. The thermohydraulic data
include average measured inlet gas flows and temperatures and the initial ice
fraction. All tests were conducted at near atmospheric pressure. In the
case of Test 2-3, very little ice was melted during the test because there
was relatively little energy in the inlet gas stream. During Test 10-4, essen- |

tially all of the ice was melted.
1

The primary measure of validation for ICEOF model is the decontamination factor
(DF); the ratio of aerosol mass flux at the inlet to that at the outlet of
the test section. The inlet conditions were measured at Station 6 located
upstream of the expansion duct leading to the lower turning vanes below the {
ice condenser test section (see Figure 3). The DF values listed in Table 3,
based on aerosol flux data shown in Figures 4 and 5, were determined between
Station 6 and Station 5 located about 1 m above the bottom of the ice condenser,
and between Station 5 and Station 1 located 2 m below the top of the ice con-
denser. These two DF values are given for two reasons. First, there was a
considerable amount of settling in the zone between Stations 6 and 5 for the
conditions employed in Test 15-2 and 2-3 (i.e., slow gas flow and large aero- |dynamic particle sizes). This was evident in the DF measured between these
stations. Second, during Test 10-4 (and as observed during the acceptance
test), there was considerable change in thermohydraulic conditions between
Stations 6 and 5 as a result of gas cooling arid steam condensation on water
draining from the melting ice and on structural elements.

(a) The test mnemonic calls out the matrix test number followed by the
chronologic sequence of performance (i.e., 15-2,2-3,10-4).

289

_
_



,

TABLE 3. Surrrr.ary of Conditions Measured During Initial Tests

Aerosol

Thersohydraulic * Inlet Test Section Aerosol O'servationso

Sta 5 Sta 1 ICEDF

Initial Average Cas Averagei Average niess Con- Sta 6 PSD PSD Inlet Test Section * Predicted
#

Ice Flow Rate Temperature Steae Wole centragion m /CSD AntO/CSD ALAE)/CSD DF DF DF

Test Fraction a /s DC Fraction hinterial og/m w/- y/- p/- Sta 6-Sta 5 Sta 5-Sta 1 Sta 5-Sta 1

15-2 s 8.831 91 ~8 kcl 1158 1 225 M 6.1/2.7 C3/2.S 2.4 1 0.5 1.8 1 8.83 1.4

2-3 p.79 0.831 85 ~8 SiO2 588 1 38 >12 9.7/3.7 5.2/3.8 4.4 2 1.5 2.1 2 8.1 2.58 to 1.94

10-4 5.61 8.231 125 0.44 kcl 1838 2 348 9.8/3.6 2.4/3.2 9.1/2.4 5.0 + 13.4 3.8 + 8.9 m

(a) Inlet (Station 6) conditions
(b) Averaged values. See Tables 4, 5, and tt for more information. PSD = particle size distribution, AAAE) = aerodynamic sans sedian diameter,

CSD = geometric standard deviation.
(c) Averaged values. See Figures 4 and 6 for inrosol mass flux at variots sampling stations. Listed variance is observed range from everage vales.
(d) Weasurements do not have sufficient resoltiion for accurato estimates. Considerable settling occurred in inlet duct.
(e) Cooputed 'for conditions occurring at two different instances. Values are preliminary, see text.
(f) These val.ues are estimated, final values sa;r be changed. Observed DF betosen Station 5 and Station 1 is less than 1.5 near and of test when ice is

nearly depleted (see text)
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Table 3 also provides the DFs predicted with the ICEDF code for the first two
of these cases. These predictions were done "blind"; i.e., the modeler did
not have access to experimental measurements, except inlet conditions, prior
to performing the simulation. The code addresses most of the thermohydraulic
processes in a locally-mixed fashion and, therefore, is somewhat unsophisti-
cated in this regard. Furthermore, because the code does not consider the
zone between Stations 6 and 5, it is difficult to interpret some comparisons
between these results. For Test 15-2 and Test 2-3 the model input used aerosol
conditions measured at Station 5 and thermohydraulic conditions measured at
Station 6. This input had little impact on comparison of predictions and
data on Test 15-2 because there was little change in thermohydraulic conditions
between Stations 5 and 6 (there was no ice). Whereas, for Test 2-3, the tem-
perature dropped from approximately 90 C to 10 C in that same zone. The
measured DFs from Stations 6 to 5 and from Stations 5 to 1 are given to provide
some perspective on the relative magnitudes of the observed and predicted DF
values.

The first "matrix" test conducted, Test 15-2, was performed to provide informa-
tion on the degree of aerosol scrubbing when no ice exists in the test section.
A soluble aerosol, kcl, was used rather than insoluble SiO2, as planned, because
of aerosol generation problems. The absence of steam and ice was anticipated
to negate any affect of particle solubility. Data from the test at two dif-
ferent time intervals at measurement Stations 5 and 1 are given in Table 4.

As can be seen, there was virtually no change in the characteristics of the
aerosol as it passed through the ice condenser test section. The aerosol flux
passing each station is presented as a function of time in Figure 4. It indi- '

cates that no appreciable scrubbing occurred between Stations 5 and 1 in the
ice condenser test section. This was consistent with expectations because
the primary processes available for aerosol deposition were settling, impaction,
and interception. Most settling took place in the upstream ductwork leading
to the ice condenser--and because of the very slow gas velocities, impaction
and interception were likely of less importance. The measured DF value of
1.0 indicates the ice condenser was a poor scrubber for slow gas flows after
the ice has been depleted.

TABLE 4. Aerosol Measurements at Stations 5 and 1 for Test 15-2

Geometric
Time (min) Station APE D ( gn) Standard Deviation

32 5 6.2 2.8
32 1 6.1 2.6

62 5 6.0 2.7
62 1 6.5 2.6
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Test 2-3 was similar to Test 15-2 except that ice was present in the ice con-
denser and an insoluble aerosol (SiO2) was used. Table 5 provides data on
aerosol conditions at two stations for two instances during the test. As can
be seen, particle size decreased somewhat as the aerosol passed from Station
5 to Station 1. The aerosol mass flux at the various sampling stations as a
function of time is shown in Table 5. Because a portion of the ice was melted
)rior to the test to simulate blowdown affects, Stations 4 and 5 were located
)elow the ice front (i.e., in a zone where ice presence was substantially
reduced) in the ice condenser. Stations 2 and I were located higher in the
test section, where ice had not melted significantly. There was a change in
aerosol mass flux across that zone indicating that exposure to the ice increases
particle scrubbing. The active scrubbing processes may have included diffu-
stophoresis in the condensing steam flow, settling on the exposed ice surfaces
or impaction / interception on the ice and baskets as velocities increased (due
to reduced flow area around the ice) and as gas recirculation zones developed.
Data are insufficient to identify the specific relative importance of contri-
butions by the aforementioned processes other than to conclude that diffusio-
phoresis was likely limited due to the near absence of steam in the 90*C inlet
flow. The DF between Stations 6 and 5 was approximately 4.4 and betwaen
Stations 5 and 1 was approximately 2.1.

Preliminary data are available for Test 10-4, the last test conducted in FY
1987. Test 10-4 involved mid-range flow rates of steam and air. Because of
the presence of the steam, ice meltout proceeded over the entire period of the
test until, after about 2 hours, the ice was depleted. The steam condensation
was expected to have significant effect on aerosol deposition, primarily because
of diffusiophoresis. Particle growth was also expected as condensation
occurred. Aerosol charactoristics for Stations 5 and 1 are given for two
times during Test 10 in Table 6. As can be seen, there was substantial particle
growth in the ice condenser, with particles growing from 2.4 pm (AMMD) to
about 9.1 pm (AMMD). Preliminary analysis of aerosol mass flux indicates a
DF of ~10 occurred between Stations 6 and 5, and that the DF between Stations
5 and 1 may have decreased from ~3.6 to ~0.9 during the test. Two possible
explanations of the "negative DF" include flow channeling and flow reversals,
discussed below, and probable lower relative aerosol sampling probe efficiency
in Station I due to the large aerosol AMMD (9 m). We plan to do additional
characterization of sampling losses to resolve the latter.

TABLE 5. Aerosol Measurements at Stations 5 and 1 for Test 2-3

Geometric
Time (min) Station AMMD (gm) Standard Deviation

28 5 12.0 4.5

28 1 5.5 2.7

46 5 7.2 3.0

46 1 4.6 3.1
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TABLE 6. Aerosol Measurements at Stations 5 and 1 for Ta t 10 f :

G5v> met ric
Time (min) Station AMMO (pm) StanArd Daviation ;

32 5 2.9 2.4

32 1 9.3 2.6

72 5 1.9 4.1

72 1 9.0 2.2
]

Temperature measurements were made within the test section during Test 15-2
and 10-4, as well as during the acceptance test. As expected, the temperatures
within the test section were essentially uniform during Test 15-2 because
there was no ice in the system. However, for the acceptance test and for
Test 10-4, the temperatures were far from uniform. In certain flow channels
between baskets within the ice condenser, temperatures during Test 10-4 were ;

as much as 10"C cooler than in neighboring flow channels at the same elevation. 1

Such temperature differentials alerted us to the high probability that recir-
culation was occurring; that is, that gas was passing up one or more channels
of the ice condenser and down another channel. Because of the condensing ;

environment, velocity measurements could not be made.

Flow visualization with titanium dioxide smoke was conducted at several eleva-
tions after "blowdown" preconditioning but prior to aerosg1 and steam injection.
Air flow into the system was varied from 0.094 to 0.188 m /s during these
visualization tests. At the low air flow rate, the direction of flow in the

threeaccessibleflowchannelswasupinone,downinagother,andunstable
in the third. Upon increasing the flow rate to 0.188 m /s, the downflow per- )
sisted for several minutes before reversing, at which time flow was upward in I

the three accessible channels. It should be noted that when scaled to )lant
'

conditions, the low flow rate is approximately 20% greater than that ac11eved
with both recirculation fans (80,000 cmf). Additional access ports are being
installed to provide access to the fourth open-flow channel. It was also i

!observed that the ice did not melt uniformly. Zones of ice about 1 to 5 ft
in length remained at a few random locations in the upper third of the test
section. This is a further indication of the potential for complex flow con-
ditions in the ice condenser.

CONCLUSIONS

A test facility has been constructed to obtain data on aerosol deposition in
an ice condenser for validation of the computer code ICEDF. The facility
includes a test section housing the equivalent of four full-scale ice baskets,
typical of the 1,944 used in certain PWR power plants. The geometry of the
baskets and of all structural support members is similar to a prototype ice
condenser. The facility mixes air, steam, and aerosols at temperatures up to
200*C for flow into the bottom (inlet) of the simulated ice co.1 denser. Gas
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sflowratesbetween0.03and0.38m/sarepossibleinthetgstfacility,com-
parable to prototype gas flows of approximately 16 to 200 m /s. Aerosols are
generated in the test facility by dispersion of powders in fluid energy mills
or by atomization of liquids in two-fluid spray nozzles.

Four tests have been conducted including an acceptance test and 3 of 15 planned
"matrix" tests. Results show that decontamination factors (DF = aerosol mass
flux entering divided by aerosol mass flux leaving) from 1 to 3 are achieved
in the test section depending on aerosol, gas flow, and ice conditions.

A measured DF of 1.0 was obtained for the first matrix test when no ice was

presentinthetestsection;theaerosolrg/s. ass median diameter (AMD) was 6m; and the gas flow rate was low, 0.03 m The computer code, ICEDF, pre-
dicted a DF of 1.4 in the test section for comparable conditions. SuMtantial
settling (DF = 2.4) occurred upstream of the test section during this test as
a result of the relatively large particle size ducted to the test section and
because of the very low gas flow rate.

Ice was present during the second test and similar gas flow and aerosol condi-
tiens were achieved as when no ice was ) resent. The measured test section DF
was approximately 2.1 while the compara)le ICEDF-computed DF ranged from 2.6
to 1.9, depending upon amount of ice in the ice condenser. The deposition in
the test section appeared to occur entirely in the zone where the gas first
encountered ice. Again significant settling occurred ir, the inlet ductwork
accounting for a DF of approximately 4.4.

3For the latest test, the gas flow rate was increased to 0.23 m /s and steam
mixed with the air (steam mole fraction = 0.44). The reasured DF in the test
section decreased from.approximately 3.6 to less than 1.0 as ice was almost
completely melted from the test section. No comparable ICEDF calculation of
DF is available yet. Considerable steam condensation occurred upstream of
the ice baskets during the period of the test contributing to a DF ranging
from 5.0 to approximately 13 in the upstream ductwork. Substantial particle
growth was observed in the test section with the aerosol AM D changing from
2.4 pm to 9.1 m as it flowed past the ice baskets. Particle growth was
attributed to steam condensation.

Thermohydraulic behavior in the test section is very complex when ice is pre-
sent. Temperature data from the "matrix" tests and flow visualization studies
without steam in the inlet gas indicate complex flow patterns with stable
large-scale flow recirculation.
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a
RESULTS OF THE FOUR PBF SEVERE FUEL DAMAGE TESTS

Daniel J. Osetek

Idaho National Engineering Laboratory
Idaho Falls, Idaho 83415

ABSTRACT

Four in pil' severe fuel damage tests have been conducted ine
the Power Burst Facility as part of the United States Nuclear
Regulatory Commission's (USNRC) Severe Accident and Source Term
Research Program. The tests included 1-m long bundles of PWR
fuel pins and simulated the thermal-hydraulic and fuel damage

1
conditions of a severe core damage accident. Tests were run with i

both low and high burnup fuel, low and high coolant flow and with '

slow and rapid cooldown. One test included Ag-In-Cd control
rods. The various types of fuel damage'that occurred in the four
tests are presented and the measured hydrogen generation, fission i
product release, and aerosol behavior are described. The prin-
cipal benefits of the test program have been to improve the
USNRC's severe accident analysis capability. Some of the com-
puter models affected by the test results are discussed in the
paper.

Introduction

The U.S. Nuclear Regulatory Commission (USNRC) is conducting an !
binternationally sponsored Severe Accident and Source Team research

program. The principal objective of this program is to develop a technical
basis to support anticipated regulatory changes that may be necessary to

1~

implement the USNRC's Severe Accident Policy and achieve the Commis-
sion's published Safety Goals.2 A major part of the program is a series
of four in pile experiments that were conducted at the Idaho National Engi-
neering Laboratory in the Power Burst Facility (P8F).

These four tests, termed the Severe Fuel Damage or SFD tests, were
designed to study the understanding of fuel and core material behavior
during severe accidents including fission product release, transport and
deposition; hydrogen generation; r.nd aerosol behavior. The results of
these tests are being used to assess and improve detailed mechanistic
models used in the USNRC's Severe Accident and Source Terms computer

codes.3

a. The Severe Fuel Damage Program is sponsored by the U.S. Nuclear Regula-
tory Commission and its international partners and is performed at INEL
under DOE Contract No. DE-AC07-76ID01570.

b. Partners of the program include Belgium, Canada, Federal Republic of
Germany, Italy, Japan, Netherlands, Republic of Korea, Spain, Sweden, United
Kingdom, American Institute of Taiwan, and the United States Nuclear
Regulatory Commission.
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One of these codes, the combined SCDAP/RELAPS computer code,4 has
been under development at INEL and, therefore, has allowed a close working
relationship between the SFD test program and the code development program.
The SCDAP/RELAPS code includes models to calculate the coupled thermal-
hydraulic, fuel and fission product behavior during a severe fuel damage
event including the influences of structural components and control
materials. The SFD test results have provided a severe accident data base
for code development and assessment. Together the test data and computer
codes have allowed early application of research results to important
safety questions for the USNRC. |

This paper provides a summary of the PBF SFD tests, highlighting the
principal fuel and fission product behavior results and their impact on the
important safety issues. The design and conduct of the four tests are
described followed by an illustrated description of the posttest conditions
of the test bundles as determined by detailed destructive examinations.
The measured behavior of fission products, hydrogen and aerosols is pre-
sented, and the importance of the measurement results on detailed code
models is described. The major lessons learned in the testing program and
some resulting model improvements are discussed in the conclusion.

The test-specific objectives developed for the SFD Test Series were
defined to envelop a wide range of core damage phenomena including zircaloy
melting and oxidation, fuel dissolution, debris formation and flow block-
age. Each experiment consisted of a bundle of UO fuel pins driven to

2
severe accident conditions by fission heat while monitored by a variety of
specialized instruments. Table 1 lists the various parameters that were
used in each of the four tests.

The transients were initiated by controlling the inlet coolant to the
test bundles and increasing the nuclear power. Water in each test was
allowed to boil down to the lower regiuns of the fuel rod; while pressure
was kept constant at ~7 MPa (1000 psi). Fuel rod temperatures were
increased slowly in the first test and more rapidly in the other three
tests. As the fuel rod cladding temperature approached 1700 K, oxidation
of the zircaloy cladding increased rapidly, resulting in higher heating
rates (>10 K/s). This exothermic reaction, limited only by the availa-
bility of steam and zirconium, rapidly increased fuel and cladding temper-
atures. The differences in coolant flow rate affected the degree and rate
of zircaloy oxidation. Since the melting temperature of Zr0 is much

2
higher than metallic zircaloy, the degree of oxidation affected the timing
and amount of molten material formation and thus the melt progression and
flow blockage behavior. The high steam flow rate used in the SFD-ST allowed
nearly complete oxidation of the zircaloy and some oxidation of the UO

2
fuel. Steam limited conditions in the SFD 1-1, 1-3 and 1-4 bundles reduced
the degree of oxidation that could occur before temperatures reached the
melting point of the zircaloy cladding (~2150 K). Peak temperatures in
each test approached fuel melting (3100 K) in some small regions of the
bundles, and the average temperature of large bundle regions exceeded 2600 K.

Other parameters varied in the four tests were cooldown rate, fuel rod
burnup and the presence of control rods. The more rapid cooldown rate was
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TABLE 1. SUMMARY OF PBF SFD TEST CONDITIONS '

1

Nominal
Heating Fuel Coolant -

Test a Number Burnup Flow Cooling Test
Date Rate Rods (mwd /tU) (g/s) Mode Characteristics ,

SFD-ST 0.13 K/s 32 90 16.0 Water Steam rich, 72%
4

Oct 1982 to 1700 K reflood zircaloy oxidation,
partial fuel lique-
faction

i SFD 1-1 0.45 K/s 32 30 0.7 Slow Steam starved, 39%
Sept 1983 to 1300 K steam zircaloy oxidation, 4

; 1.3 K/s extensive UO2to 1700 K liquefaction

SFD l-3 1.9 K/s 26 36,000 0.7 Slow Similar to SFD 1-1,
O Aug 1984 to 1700 K 2 80 argon but less UO2~

4 empty Zr liquefaction
|1 guide

tubes

SFD l-4 0.5 K/s 26 36,000 0.9-1.5 Slow large molten mass
Feb 1985 to 1200 K 2 80 argon of control and fuel

1.8 K/s 4 Ag-In-Cd rod material
to 1700 K control

rods in
Zr guide
tubes

aAbove 1700 K, heating rates are driven by rapid oxidation and are typically >10 K/s.

J
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expected to generate greater fragmentation than slow cooling. The high
burnup fuel provided smaller fuel particle sizes and a larger fission prod-
uct inventory than the low burnup fuel. The Ag-In-Cd control rods provided
low melting point materials that changed the melt progression behavior of
the last test and increased the aerosol generation rate.

Test Design and Conduct

The PBF has been used by the USNRC for several years to conduct fuel
behavior tests for design basis accident and other off-normal reactor
transients. Since the facility's unique capabilities were well suited to
the needs of a severe fuel damage program, only minor modifications were
necessary to meet the operational objectives of the SFD tests.

The PBF uses a 30-MW pool-type reactor that consists of a ternary fuel
(urania-zirconia-calcia) driver core and a central flux trap contained in
an open tank reactor vessel. An independent, pressurized-water coolant
loop provides a wide range of thermal-hydraulic test conditions in an
in pile tube located within the flux trap test space.

Experiment test trains are designed to fit into the in pile tube and
use the pressurized-water coolant loop for control of the thermal-hydraulic
test conditions. For the SFD tests the loop was used to supply bypass
coolant flow for cooling of the in pile tube and the outer shroud of the <

test assembly. A separate bundle inlet line provided controlled coolant
flow to the test fuel within the test train assembly.

The SFD test trains used in the four SFD tests are illustrated in
Figures 1 and 2. The test trains used in the first two tests were designed
and built by the Pacific Northwest Laboratory (PNL) and assembled at INEL,

The fuel bundles for the first two tests consisted of 32 unirradiated
zircaloy-clad U0 fuel rods arranged in a 6 x 6 array without the four

2

corner rods. The fuel rods were of typical PWR 17 x 17 design with a fuel
length of 0.914 m. The fuel bundles were assembled using three Inconel
grid spacers to maintain a typical PWR fuel rod pitch of 12.75 1 0.25 mm.
The rods were fixed to a lower support plate but were free to expand
upwards. A Zr0 bypass tube (4.75-mm 10) extended over the length of the

2
fuel rods in the SFD 1-1, 1-3 and 1-4 bundles. The tube provided a flow
path in case the bundle became completely blocked.

,

The fuel bundle was contained within an insulating shroud constructed
from a zirconia insulator sandwiched between zircaloy structural components.
A separate coolant line provided inlet flow to the test bundle region, and
the entire bundle effluent was routed out through a pipe to a sampling and
monitoring system. The test trains were instrumented with fuel rod center-
line thermocouples, inside cladding thermocouples, shroud thermocouples,
and flow channel thermocouples. Several other instruments provided bundle
pressure and flow data, and a shroud penetration detector was included for ,

indication of radial meltthrough.

The effluent sampling and monitoring system is diagramed in Figure 3.
This system directed the bundle effluent to several fission product and
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Figure 1. Diagram of PBF SFD test trains used for the SFD-ST and 1-1 test
(a), and for the SFD 1-3 and 1-4 tests (b).
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Figure 2. Cross-sectional diagram of SFD test train at the fuel bundle
region.

hydrogen monitors and included separate gas and liquid streams and sequen-
tially operated grab samples. The entire effluent was collected in a tank
that was sampled posttest to define the integral gas and liquid content.

The test trains used in the 3rd and 4th tests included design modifi-
cations to accommodate the 1-m long high-burnup fuel rods, four control rod
positions and a removable depositicn rod mounted above the fuel bundle to
collect effluent deposition samples. Twenty-six uninstrumented fuel rods
with a burnup of ~36000 mwd /MtU were used in each of these two tests. Two
fresh fuel rods with temperature and plenum pressure instruments were also ,

included. Tie SFD l-3 bundle had four control rod guide tubes made of I

zircaloy included in the array of fuel rods. Yhe SFD 1-4 test included
four Ag-In-Cd control rods with stainless steel cladding inserted into the
zircaloy guide tubes.

An on-line aerosol monitor, an additional gamma spectrometer, and a
bank of six filtered grab samples were added to the effluent sampling and
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Figure 3. Schematic diagram of the PBF SFD Test Effluent Sampling and
Monitoring System.

monitoring system for the SFD 1-4 test to characterize aerosol arid fission
product concentrations close to the test bundle.

Before each of the severe fuel damage transients the fuel bundles were
preconditioned in a similar manner to promote fuel pellet crack 1 rig and to
generate a short-lived fission product inventory. The high temperature
transient of the SFD-ST was initiated by a long slow heatup in a high flow 1

of steam and was terminated by a reactor scram and reflood with cooling
water. The high temperature transients of the SFD 1-1, 1-3 and 1-4 tests
were each run with a more rapid heatup, a lower coolant flow rate and a
slow power-controlled cooldown. The SFD 1-1 test bundle was reflooded
immediately upon cooldown. Figure 4 compares the peak temperature his-

s

tories of the SFD-ST and the SFD 1-1 test to illustrate the different Ithermal transients. Because thermocouples fail at temperatures above
2100 K, best estimate peak temperature histories were determined from
shroud instrumentation and detailed thermal-hydraulic calculations. The
detailed calculations are still ongoing for the SFD 1-3 and 1-4 test, so
the best estimate temperature histories for these two tests are not yet
available. Current estimates suggest that the SFD 1-3 test realized a
temperature history very similar to the SFD 1-1 test, and Test SFD 1-4 may
have achieved slightly longer time at high temperature.

The SFD 1-3 and 1-4 tests were cooled down from high temperature using
a flow of argon gas. This technique maintained dry surfaces on the remov-
able deposition rod in these two tests. After the rods were removed from
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Figure 4. Comparison of best estimate peak fuel temperature histories for
the SFO-ST and SFD 1-1 test.

the test trains, the fuel bundles and effluent lines were washed with

reflood water. Measurements taken before and after the washing operation
.

gave indications of fission product deposition on the effluent line surfaces
' and the effects of reflood water on the deposits.

Posttest Bundle Configuration

Each of the four SFD test bundles were radiographed after the experi-
ments. Figure 5 is a comparison of the four radiographs, which illustrates
the different damage characteristics. Detailed posttest examination of
each bundle also included cross-sectioning and photographic documentation.
Figure 6 shows photographs of bundle cross sections from each of the four
tests at the maximum flow blockage region.

Posttest examination of the SFD-ST bundle indicated extensive
fragmentation of the fuel rods. Of the zircaloy associated with the fuel
rod cladding ~72% was oxidized and this bundle-average value included
essentially complete conversion to Zr0 in the upper regions. A large,

2
cohesive, previously-molten mass of U-Zr-0 accumulated near the bottom of
the bundle, cementing an array of partially dissolved fuel pellets. Post-
test analysis of the SFD-ST bundle geometry indicated a 26% reduction of |the original bundle flow area resulted from blockage by the relocated
material. Fuel fragments in the debris above the blockage region ranged
from approximately millimeter size to quarter pellet (cm) size. A rod-like
geometry remained in the upper region of the bundle in the form of rod
segments mixed with oxidized cladding fragments and partial fuel pellets.

;Complete details of the SFO-ST are given in Reference 5.

|

|
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Figure 6. Photographs of SFD test bundle cross-sections taken near regions
of maximum flow blockage.

The SFD 1-1 bundle experienced less oxidation (39.) during the
transient, resulting in greater zircaloy melting and fuel liquefaction.
The fuel rods in the upper regions of the bundle were highly frag?ented,
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but a rod-like geometry was still partially retained. A large cohesive
mass accumulated in the lower bundle region, resulting in significant
blockage of flow channels with approximately a 95% reduction in total flow
area. The posttest metallogr'aphic and chemical examination of the prior
molten region indicates nearly complete dissolution of the U0 fuel pel- I

2
lets in the central region of the melt. Extensive cracking of the prior
molten mass occurred as the bundle was cooled. Figure 7 is a photograph of
material from this region showing the cracking. Thermal stresses and I

shrinkage apparently caused the cracking after the mixture froze and began ;

to cool down. Complete details of-the SFD 1-1 test are provided in Ref- !

erence 6.

The SFD 1-3 Test, which used higher burnup fuel (~36 GWD/tU) dif-
fered from the SFD 1-1 Test in overall fuel damage in that less dissolution
of fuel occurred in the lower one-third of the bundle. More dissolution of
the surface of the fuel pellets occurred higher in the bundle, and some
rod-like structure remained in the upper bundle region. Although hydrogen
production in the SFD 1-3 Test was about equal f.o that in the SFD 1-1 Test,
indications are that less zircaloy oxidation and more U0 fuel xidation

2
occurred. Flow area blockage in the SFD 1-3 Test was less than that
developed in the SFD 1-1 Test and approximately the same as in the SFD-ST.
The particle size of the debris formed during the SFD 1-3 Test was smaller
than that in the tests with fresh fuel as a result of the fracturing that
occurred in the fuel pellets during irradiation to 36 GWD/tV. Some fine
debris was found below the fuel bundle region. The empty control rod guide
tubes in the bundle provided a flow path for material relocation. Relocated
fuel and zircaloy material was found inside these tubes at low bundle s

regions.

Four Ag-In-Cd control rods were included in the SFD 1-4 test bundle
along with the higher-burnup fuel rods. Control rod melting added signif-
icantly to the axial extent of the previously molten cohesive mass that ,

developed in the lower region, although the amount of dissolved fuel was
about equal to that in the SFD 1-3 Test. Hydrogen production during the !
SFD 1-4 Test appears to be greater than that ir, either the SFD l-1 or !

1-3 Test, but the relative amounts of fuel and zircaloy oxidation have not 1

yet been fully evaluated. The fuel in the upper regions appears more frag-
mented than in previous tests. No rod-like geometry was obvious from the
neutron radiographs, and essentially no claddir.g remains on the rods in the
upper regions. Figure 8 is a composite photograph of bundle cross sections
from the upper regions of the SFD 1-1 and 1-4 test bundles. The difference
in fuel particle size is evident in the photographs. The contrast in clad-
ding remnants is also clear; the SFD 1-4 test produced complete melting and
relocation of the cladding possibly assisted by interactions of the stain-
less steel in the bundle. Nearly complete obstruction of the original flow
area was estimated from the visual examination of the bundle sections.

The relocated naterial in the lower region of the SFD 1-4 bundle
developed in 3 distinct regions. The first material to melt and relocate
was the control rod alloy. Some of this material moved down completely
through the fuel region and into the lower plenum. The second layer of idebris (Figure 6d) was composed of partially oxidized Zr-Fe and Zr-Ni
material mixed with control rod alloy. The stainless steel control rod
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'

cladding and Inconel spacer grids interacted quite extensively with the
zircaloy material in the bundle. The control rod positions in this region
contained prior molten control rori alloy and stainless steel materials. In
two of the four control rod positions a mixture of fuel and cladding mate-
rials was found. The third or upper layer of debris in the melt region was

1

,
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rich in uranium. The bulk material was a matrix containing U-Zr-0 with
Zr-Fe and Zr-Ni inclusions and traces of control rod alloy.

Fission Product Release

Total fission product releases during each SFD test were determined by
summing the measured quantities found in various locations throughout the
effluent system. Thus, these numbers represent movement of material out of
the bundle region; and except for noble gases, these numbers should not be
considered representative of accident source terms. Significant deposition
occurred of all fission products except noble gases on surfaces in the
effluent system. Most cf the deposition was easily removed by water flush-
ing and was measured in the collection tank after the flushing operations.
Some small quantities of certain fission products remained fixed to system
surfaces. These deposits were quantified by sampling and assa) of the
effluent system piping and components. Table 2 lists the total release
fraction results of the principal fission product groups for each test.

The range of values given for some of the release fractions represents
data for different isotopes of the same element. The SFD-ST, which was
highly oxidized and rapidly cooleds produced the highest releases of noble
gas and iodine. The SFD 1-1 and 1-3 tests both produced quite low release
fractions, although the high burnup fuel in the SFD 1-3 tests produced
release fractions of volatile species about twice those of the fresh fuel
it. Test SFD 1-1. Tellurium showed a remarkable difference in release frac-
tion between the SFD-ST and the other three tests. This observation is
consistent with the current tneory that tellurium reacts with zirconium and
tin in the zircaloy cladding preventing its release from the bundle region
until nearly complete oxidation liberates the fission product in some less
reactive form, perhaps SnTe. Release fractions of less volatile species
Ba, La, Sr, Ru, and Ce were also measured and found to be 1*4 or less in all
cases. Actinides released from the high burnup fuel in the SFD 1-3 and 1-4

-6test were measured; release fractions were very small, the order of 10
and lower. Traces of uranium were found in the regions just above the fuel
bundle suggesting some fuel movement, probably as particulate. These fuel
release fraction determinations are complicated by the presence of pluto-

-5 -6nium isotopes, but estimates are in the range of 10 to 10 ,

On-line gamma spectroscopy measurements made during the SFD tests
allow evaluation of fractional release rates of certain noble gas iso-
topes. The measured concentrations can be compared to calculated bundle
inventories to generate fractional release rate histories of noble gas
isotopes versus time. To be useful for model assessment, these d'.ta should
be compared to the principal controlling parameters affecting futi behavior
in the test bundle throughout the time of the measurements. Fuel temper-
ature is only one of these principal parameters; fuel morphology changes
during the test must also be included in the analyses to properly under-
stand the release behavior.

The fractional release rate history for noble gas measured during the
SFD 1-1 test is provided in Figure 9; best-estimate average bundle temper-
ature is also plotted and key bundle events that may have affected fuel
morphology or the fission product behavior are also noted. Inspection
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TABLE 2. FTSSf0N PRODUCT RELEASE FRACTTCNS MEASURED DURING THE SFD TESTS
-

-

|

Element SFO-ST SFD 1-1 SFD 1-3 SFO 1-4

Noble Gas ~0.50 0.026 to 0.093 0.08 to 0.19 0.23 to 0.44
Iodine 0.51 0.12 0.18 0.26

Cesium 0.32 0.0? 0.18 0.44 to 0.56
Tellurium 0.40 0.01 0.01 to 0.09 0.03

Barium 0.01 0.006 0.004 0.008
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Figure 9. Fraction release rate of noble gas measured during the SFD 1-1

test compared to the temperature history and key events,

of Figure 9 illustrates that the fission product release in this severe
fuel damage test of low burnup fuel is controlled by fuel morphology
changes in addition to the fuel trmperature. The peak release period
occurs after the peak temperature period, and release rates remain
significantly high af ter temperature dropped late in the test.

Just betore initiation of the Ar purge system at 3200 s, when bundle
temperaturas were below 1450 K, the fractional release rates were ~3 orders
of magnitude higher than those measured at comparable temperatures during
heatup of the bundle (at ~1800 s). This enhanced fuel release on cooldown
is believed related to fuel morphology changes that occurred during the
transient such as cracking and grain boundary separation.
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Similar release measurements were taken during the SFD tests with high'
burnup fuel, however the data have not been fully analyzed at this time.'

Preliminary results suggest that during heatup the release rates of noble
gas from the high burnup fuel are greater than those for the low burnup
fuel; but releases are still strongly coupled to fuel morphology changes,
and release rates during cooldown exceed those at similar temperature
during heatup.

Models of fission product release based on temperature _alone
consistently overpredict the measured release rates during the heatup.
phases of all the SFD tests. These same models underpredict the measured
releases late in the tests when significant fuel dissolution and cracking
has occurred. Figure 10 illustrates this discrepancy for the temperature
dependent model given in NUREG-0772.7 A further discussion of fuel
morphology effects on fission product release is given in Reference 8.

Fission Product-Transport and Deposition

No significant amount of volatile fission products was transported to-
the collection tank in any of the SFD tests until the bundles and effluent
lines were flushed with water. Prior to reflood in each test, <1% of the

' iodine and cesium and negligible quantities of less volatile species were
measured in the collection tank prior to reflood in each test. Fission
products deposited readily on effluent line surfaces, being concentrated in
regions close to the fuel bundle. Figure 11 is a plot of the surface con-
centrations of iodine and cesium measured on the horizontal and vertical
surfaces of the deposition rod from the SFD 1-3 test. The deposition
patterns of the two species are remarkably similar suggesting similar depo- '

sition mechanisms or chemical association. Both species also displayed
greatly enhanced concentrations on horizontal surfaces, suggesting a strong
association with aerosol particles and settling or impaction as a dominant
deposition mechanism.

The horizontal deposition that occurred during the SFD 1-4 test was
extremely heavy. A photograph of part of the deposition rod as shown in
Figure 12. Analysis of these heavy horizontal deposits showed that cadmium
was the overwhelming constituent. The iodine and cesium inventories in both
the SFD 1-3 and 1-4 tests were nearly identical, and the activity of iodine
and cesium isotopes measured on the horizontal surfaces after both tests
were similar (within a factor 2). At downstream locations, the aerosol
deposits were found to contain large fractions of tin and zirconium in
addition to cadmium.

|

| Control Rod Behavior

As noted from the posttest bundle examinations, the Ag-In-Cd control
rods with their stainless steel cladding added substantially to the amount
of molten material that relocated and developed blockage. The control rod
alloy has a melting point of 1073 K, and the cadmium has a very high vapor |pressure under these accident conditions; therefore, when the control rod
cladding is breached the liquid alloy begins to relocate giving off c2dmium
vapors. However, the relocation downward is so rapid that little cadmium
can escape before the alloy reaches a cooler region and freezes. Thus, the
silver and indium as well as much of the cadmium can remain in the lower

!
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Figure 12. Photograph of heavy deposit observed on horizontal surface above

fuel bundle after Test SFD 1-4. |

fuel regions until later in the accident sequence when it can be reheated.
The total fraction of cadmium found outside the fuel bundle region was <5%,

i

and <0.1% of the silver and indium was measured outside the bundle.
|

Aerosol Generation |

Vapors generated in the SFD test bundles can from aerosol as they
, transport through the effluent line and cool. Fission products can inter-

act with the aerosols affecting transport and thus source terms. The large'

increase in vapors expected from the control rod materials in the SFD 1-4
test stimulated the addition of an on-line aerosol concentration monitor to
the last experiment. Dense aerosols will promote particle agglomeration
and settling leading to a diminishing aerosol concentration and smaller
particle sizes in the downstream sections of the effluer.t system. There-
fore a goal of the aerosol measurements designed for the SFD 1-4 test was
to position the monitoring device as close as possible to the source in the
fuel bundle. The measurement was achieved by a combination of an on-line
light attenuation measurement and a series of filtered grab samples for,

posttest analysis. Figure 3 illustrates the relative locations of the
equipment. Design details will be published in the final SFD 1-4 Test
Results Report, and a good description of the design and operation of the
instrument is given in Reference 9. |

The aerosol measurement taken with the on-line monitor is shown in
Figure 13 with the estimated average bundle temperature. The aerosol con-
centration is proportional to the indicated light attenuation and ranges ,

from ~10 to 10 particles per cm3 (equivalent 1.0 pm diameter).6 9

The first response of the aerosol monitor at 1740 s corresponds to the
failure of the first control rod in the SFD 1-4 test. Beginning at 2050 s |

|a
|

|
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Figure 13. Comparison of aerosol monitor signal recorded during Test
SFD 1-4 with temperature history.

large increase in aerosol generation was indicated that achieved the highast
concentration measured during the test. This dense aerosol lasted ~250 s
which corresponds to the high-temperature period of the test when the three
uninstrumented control rods failed and when rapid oxidation of the zircaloy
cladding began. The aerosol generation diminished slightly but continued
at a significant high concentration throughout the remainder of the test.
Analysis of the aerosol grab samples collected at six times during the
transient shows that tin, cadmium and other materials were responsible for
the aerosol source at this location in the effluent line. Zr, Ag and Cs
were also found in relatively large quantities in the aerosol samples. The
zircaloy in the bundle includes over 800 grams of tin which can be driven
out of the metal at high temperatures. Some of the zirconium found in the
samples may have been aerosolized by oxidation of the zircaloy or may be
from ZrD that was liberated from shroud insulation during the test.2

A comparison of fission product transport behavior in the SFD 1-3 and
1-4 tests indicates an important difference that may be attributable to
aerosol effects. The fractions of bundle inventory of iodine, cesium, and
tellurium were measured at several locations in the effluent system after
the tests. These data indicate that most of the released cesium and tel-
lurium deposited within the first fen meters in both tests. However,
iodine showed a distinct difference in behavior in the two tests. Following
the SFD 1-3 test released iodine was found deposited predominantly in the
first few meters along with the cesium and very little iodine was found
deposited -In downstream sections of the effluent line or in the collection
tank. Following the SFD 1-4 test released iodine was found deposited
over greater distances in the effluent line, and the largest fraction of
deposited iodine
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was noted in the ex-vessel effluent lines ~20 m downstream of the test
bundle.

The presence of greater amounts of reactive aerosols in the SFD 1-4
test apparently carried more of the iodine farther downstream than was ,

possible in the SFD 1-3 test. The basic difference was the presence of
Ag-In-Cd control. rods in the SFD 1-4 test. Perhaps a chemical interaction
of the iodine with silver in the aerosols or a physical interaction with
the greater aeroso' surface area was responsible for this change in behavior, j

Hydrogen Generation

The amount of hydrogen generated by oxidation processes during severe
1

accidents and the timing of the hydrogen generation is very important for
assessment of containment challenges. Containment overpressurization can
occur if large amounts of noncondensible gas are generated during an acci-
dent, and large pressure spikes can occur if come or all of the hydrogen is
burned. One of the principal issues regarding hydrogen generation in severe
accidents is how melt progression and flow blockage formation changes hydro-
gen generation. Changes in the surface area, oxide thickness and availabil-
ity of steam to the metals in the hot regions of the core will all affect
hydrogen generation.

Hydrogen released from the SFD test bundles was measured in the
effluent of each test using a thermal conductivity analyzer. In each test
varying amounts of hydrogen were generated by oxidation of the zircaloy.
Some small amounts of fuel, iron and nickel were also oxidized producing-

hydrogen. The hydrogen generation rates did vary significantly during some
phases of the first three SFD tests. However, in the SFD 1-4 test, which
actually produced the greatest amount of material melting and relocation,
the hydrogen source was relatively constant. Figure 14 shows the hydrogen
generation history for the SFD 1-4 test. The magnitude of hydrogen gener-

,
ation during the high temperature phase of the test is nearly equivalent to
complete consumption of steam at the inlet flow rate. The major melt relo- |

'

cation and test termination times are labeled on the figure, and the final
flow blockage was measured in the posttest examination and found to be
~98%. Further, posttest examinations of the SFD 1-1 test bundle indi-
cated that some of the cladding located in the melt region oxidized during
and following relocation. This evidence strongly suggests that under cer-
tain severe accident conditions hydrogen generation will be uninhibited by '

the various melting and flow blockage processes.

The availability of steam and metallic zircaloy strongly influence the
rate of oxidation and hydrogen production. An oxide layer on the zircaloy
will slow, but not terminate, tha reaction. The oxide can be breached by
thermal and mechanical processes exposing the hot metals to steam. The
amount of metallic surface area that can be exposed to steam 12 an important
parameter in the detailed analyzes of the tests. Another lesson learned
from the analysis of the SFD tests was that the inside surface of ballooned
and ruptured zircaloy cladding and the two sided surface of the zircaloy
guide tubes for control rods greatly increase the available surface area for
oxidation and affect the oxidation process. Such geometries were required
in the models before detailed calculations agreed with measured results.

t

,
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Figure 14. Hydrogen generation measured during the SFD 1-4 test compared
with key events.

The high steam flow used during the SFD-ST resulted in some additional
hydrogen generation by oxidation of the U0 fuel. Posttest examination2
identified some local regions of elevated fuel stoichiometry. This phe-
nomena, in addition to the oxidation of other core materials such as iron
and nickel, must be considered when evaluating total hydrogen sources.

Principal Observations and Conclusions

All four PBF SFD tests, and the detailed posttest examinations of all
four test bundles, have been completed. However, only the first two tests
have been fully analyzed using the detailed thermal hydraulic, fuel
behavior and fission product models in the RELAP5, SCDAP, TRAP-MELT family
of codes. INEL is continuing such detailed analyses for the SFD 1-3 and
1-4 tests, and other USNRC contractors are beginning similar analyses with
other codes (e.g. TRAC, MELPROG). Final conclusions must await the results
of these important remaining tasks, but several preliminary findings can be
presented and used to guide future research and regulatory planning. The
following highlights summarize these important findings from the PBF SFD
test program, and Table 3 gives a synopsis of these highlights.

One of the first lessons learned from conducting these severe accident
tests is that rapid, uncontrolled oxidation occurs in such events and
neither reduction of steam flow nor slow heatup conditions will prevent the
rapid rise in temperatures above 1700 K. Peak temperatures can reach 3000 K
in localized regions, and large sections of the bundles can attain tempera-
tures above 2670 K. Hydrogen generation was found to peak during the rapid
oxidation phase of each test, and hydrogen generation was never completely
terminated at any time during the high temperature periods of any of the
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TABLE 3. HIGM.IGHTZ OF P8F SFD TEST RESULYS

Phenomena Observation

Initial Heatup o Rapid uncontrciled oxidation occurs at sl700 K in both high and low steam flows.

o 0xidation propagates rapidly raising temperatures to s2400 K in a few minutes.

o Peak temperatures can reach 3000 K in local regions.

o Average temperatures can exceed 2670 K over large regions.

Oxfdation/H2 Production o Sa11ooned and ruptured cladding and control rod guide tubes allow two-sided oxidation.

Fuel oxidation can occur in steam-rich environments and stainless steel materials Can oxidize adding to the H2 source.o

o H2 9eneration continues during melt progression and after debris beds form.

Melting / Liquefaction o Melt can accumulate in localized regions and form flow blockages (hard pan) with trapped gas.

o A significant fraction of fuel can be dissolved by molten zircaloy and add to the blockage.

Complete loss of cladding in upper bundle (core) regions can occur and result in loss of rod-If ke geometry.o

o Material interactions can generate low-melting-point eutectics.

Debris / Blockage o Both metallic and ceramic materials can relocate and form flow blockages up to 98t.

o Control rod guide tubes provide a flow path for material relocation.

o Oxidation and dissolutfon continue in the flow blockage material.

o Fuel fragments from HBU fel are smaller than these from LSLI fuel.

o Stainless steel and inconel materials react with zircaloy to change composition of debris.

o Relocated naterial can develop layers:
W - Lower: Control rod alloy,

$ - Middle: Oxidized Zr-Fe and Zr-Ni with
control matarial.

- Upper: U-Zr-0 matrix with Zr-Fe. Zr-Mi
and control rod matertals.

Ag-In-Cd Control Rods
and Aerosol Production o Low melting point eutectics (Zr-Fe, Zr-N1) may inttf ate early control. rod failure.

o Con'rol rods add significantly to the amount of melt and relocation of materials.

o Aerosol generation is continuous during the high temperature transfent.

o Control material relocation can reduce (or at least delay) vaporization of Ag-In-Cd from the bundle (core).

Cooldown/ Quench o Extensive cracking can occur in seit region on cooldown and release gases and fission products.

o Large fractions of Hp generation and fission product release were measured during cooldown.

Fission Product Release o Fission product release is strongly dependent on fuel morphology,

Release rates can be significantly lower during heatup than during cooldown at the same temperature.o

o Except for noble gases, all fission products deposit readily on cool downstream surfaces.

o lodine and cesfum generally deposit stellarly and resuspend in reflood water.

o Iodine transport can be affected by the chemical or physical action of aerosols.

Tellurfue can be retained in the bundle (core) until liberated by thorough oxidation.o

o Tellurium deposits are not easily resuspended in reflood water.

____ -__ ______
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tests. Continuous hydrogen production was measured during the SFD 1-4 test
although extensive zircaloy melting and relocation occurred and ~94% flow
blockage developed. Hydrogen generation models in the SCDAP/RELAP computer
code were adjusted to include physical processes such as'two sided oxidation ;,

I of ballooned cladding which achieved better agreement between calculations i'

and measurements.

Debris beds can develop from the relocation of both solid and-liquid
material. These debris beds may include small internal steam channels and
extend over a large axial region. In the SFD tests the debris beds held
relocated material in a zone hot enough to sustain oxidation and melting.
Models of these processes had to be carefully designed to avoid unrealistic
reduction in the oxidation process and to achieve good agreement with the
measured data.

When debris beds heat sufficiently to attain melting temperature, they
can form self-scaling hard-surface regions. Once molten, the debris beds
can dissolve a large amount of UO fuel in the zircaloy, and portions of

2
this mixture of U, Zr, and 0 may not freeze on cooling until temperatures
are below ~1600 K. Upon cooling these molten regions may develop shrinkage
or thermal stress cracks and trapped gases may be released.

A critical consideration in modeling severe accidents is the timing
and mechanisms for the change in core geometry from rods to a particle
bed. The complete loss of cladding from the upper regions of the SFD 1-4
test bundle and the existence of a large particle bed region can be
contrasted to the rod like geometries of the other tests to help understand
when and how this transition occurs. The interaction of stainless steel
with zircaloy in regions that include control rods may be the key to this
process. The smaller particle size observed from the high burnup fuel may
also be an important influence. The factor of 2-4 difference in particle
size can mean the differencc in achieving a coolable debris bed or
continued heating and melting.

The presence of several kinds of materials in a core allow the '

development of debris beds and blockages in stages. The lowest melting
point material relocates first and, in the case of Ag-In-Cd, may move

!

completely down to the water level near the bottom of the fuel or even
below the fuel region. The development of low melting point eutectic
materials can be the initiators for the first material relocation.
Interaction of iron and nickel in the stainless steel cladding of control
rods with the zircaloy guide tubes can occur if the rods balloon, and the
chemical interdiffusion can result in melt through. Since the Ag-In-Cd
alloy is liquid at these temperatures, the material quickly runs out ,

'

through the breach and down to cooler regions. The presence of the control
rods added significantly to the extent of the debris bed and blockage
region in the SFD 1-4 Test. Fuel assemblies without control rods may form
smaller blockages at later times because of the lack of these materials.

|Following the melting of the control rods, larger passages became available I
for material relocation. Fuel and zircaloy materials were found in the
control rod positions at points low in both the SFD 1-3 and 1-4 bundles.
The bulk of material that relocates during the later phases remains above
the control rod and stainless steel materials. The upper region of
relocated material in the SFD 1-4 test were rich in fuel material, and only

i
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small amounts of control rod materials were found intermixed. The middle
region of the bed contained greater amounts of oxidized Zr-Fe and Zr-Ni and
control rod alloy. This layering effect delays the heating and continued
vaporization of the low melting point materials and contributes to the i
continuous generation of aerosols as was observed in the SFD 1-4 test.

Volatile fission product release in the SFD tests varied from a low of
~10% in the fresh fuel SFD 1-1 test to a high of ~50% in the SFD-ST and
1-4 test. The iodine and cesium, however, did not transport far from the
fuel bundle unless it was carried by a high flow rate of steam of reflood
water. Some iodine was found ~20 m from the fuel in the SFD 1-4 test
apparently carried downstream by the enhanced aerosol in that test. Tel-
lurium was restricted to the fuel bundle and nearby locations, except in
the SFD-ST that produced extensive oxidation of the zircaloy.

Iodine and cesium deposition patterns were found to be similar on dry
surfaces examined after the SFD 1-3 test. Post test analyses of samples
indicated that these fission products were highly soluble in water, and
transport analyses using the SFD test conditions suggest that Csl and Cs0H
were the probable chemical forms that deposited in the effluent line during
the SFD-ST, 1-1 test and 1-3 test. Analysis of the SFD 1-4 test is compli-
cated by the presence of the control rod materials, and ongoing analysis
will evaluate the potential effects of these materials on the fission
product behavior for that test.

Noble gas release rates were found to be significantly lower during
her tup in the fresh fuel tests than current temperature correlttions would
predict. Release rates during cooldown, however, exceeded those measured
during heatup at equivalent temperatures. This observation, together with
the preliminary results from the high burnup tests showing higher release
rates during heatup, suggest that fuel morphology has a strong influence on
volatile fission product release.

Aerosol generation and transport effects were found to be significant
in the test with Ag-In-Cd control rods. Cadmium contributed the principal
mass for aerosol found deposited in regions above the fuel bundle. Tin and
zirconium were found in addition to cadmium in aerosol samples from down-
stream regions. The continuous generation of aerosols measured during the
SFD 1-4 test indicates that fission product transport analysis must include
aerosol processes in addition to vapor chemistry.

The PBF SFD tests were, of necessity, terminated before many of the
later phase melt progression processes could take place. Nevertheless
analysis of these tests led to significant modeling improvements and better

,

understanding of severe accident phenomena. Additional experimentation is j
needed to extend the models and understanding of severe accidents through
melt prcgression to the lower vessel structures, attack of the lower vessel
head and instrument penetrations, and to melt ejection and ex-vessel
phenomena. The need for the later phase phenomenology is understandably of
lesser urgency, since the probability of such occurrences diminishes as
more and more time for corrective actions becomes part of the accident
progression. The most important data base, that impacting the early
in-vessel processes, is now partly in place because of the PBF SFD test
program. The completion of the detailed analysis of the last two tests
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will add an important part of the needed information to the data base and
to the computer codes that embody what has been learned. Similar analyses
ongoing in other USNRC programs will further enhance the data base and the
computer programs, giving the USNRC a powerful tool for regulating the
nuclear power industry and guiding reactor operator actions during severe
off-normal events.
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ABSTRACT

The multiloop integral system test facility (MIST) was part of a
jointly-sponsored program to generate integral system data for code
benchmarking. The MIST facility, a scaled model of a B&W-designed
lowered-loop plant, was extensively instrumented. Small-Break Loss of
Cool ant Accidents (SBLOCA), HPI-PORY cooling, steam generator tube
ruptures, and the effects of non-condensible gases and pump operation
were tested. A number of noteworthy interactions that occurred during
the SBLOCA tests are summarized herein. The. results of three SBLOCA
tests that demonstrate an important system response, the ability of the
system to adjust to imbalanced boundary conditions, are presented.

INTRODUCTION

The multiloop integral system test (MIST) is part of a multiphase program
started in 1983 to address small-break loss-of-coolant accidents (SBLOCAs)
specific to Babcock & Wilcox-dosigned plants. MIST is sponsored by the U.S.
Nuclear Regulatory Commission, the Babcock & Wilcox Owners Group, the Electric
Power Research Institute, and Babcock & Wilcox. The unique features of the
Babcock & Wilcox design, specifically the hot leg U-bends and steam generators,
prevented the use of existing integral system data or existing integral system
facilities to address the thermal-hydraulic SBLOCA questions. MIST and two other
supporting facilities were specifically designed and constructed for this
program, and an existing facility -- the once-through integral system (OTIS)--
was also used. Data from MIST and the other facilities will be used to benchmark i

the adequacy of system codes, such as RELAP-S and TRAC, for predicting abnormal l

plant transients. The results of the MIST SBLOCA tests are described.

FACILITY

The multiloop integral system test (MIST) facility was a scaled 2-by-4 (2
hot legs and 4 cold legs) physical model of a Babcock & Wilcox (B&W), lowered- !loop, nuclear steam supply system (NSSS). MIST was designed to operate at )typical plant pressures and temperatures. Experimental data obtained from this |

facility during post-small-break loss-of-coolant accident (SBLOCA) testing are !

used for computer code benchmarking. !
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MIST consisted of two 19-tube, once-through steam generators, an
electrically-heated core, a pressurizer, 2 hot legs, and 4 cold legs with scaled
reactor coolant pumps. Other loop components included a closed secondary system,
simulated reactor vessel vent valves, a pressurizer power-operated relief valve
(PORV), hot leg and reactor vessel upper head vents, high-pressure injection
(HPI), a core flood system, and critical flow orifices for leak simulation.
Guard heaters, used in conjunction with passive insulation to reduce model heat
losses, were used on all primary system components as well as the steam generator
secondaries. MIST is illustrated in Figure 1.

Boundar/ Systems

The MIST bou ndary systems were sized to power-scale the plant boundary
conditions. HPI and auxiliary feedwater (AFW) characteristics were based on
composite plant characteristics. Scaled vents were included in both hot legs and
in the reactor vessel upper head. Leaks were located in the cold leg suction and
discharge piping, and the upper and lower elevations of steam generator B (for
tube rupture simulation). The desired vent and leak flows were obtained using
power-scaled restrictors.

Heat Losses and Guard Heaters

MIST was designed to minimize heat losses from the reactor coolant system.
Fin effects (instrument penetrations through the insulation) were minimized by
using 1/4-inch penetrations for most of the instrumentation. Heat losses due to
conduction through component supports were minimized by designing the supports to
reduce the cross-sectional area and by placing insulating blocks between load-
bearing surfaces. The reactor coolant system piping and vessels were covered
with passive insulation, guard heaters, and an outer-sealed jacket (to prevent
chimney effects). The guard heaters were divided into 42 zones, each controlled
by a zonal temperature difference and a pipe metal temperature.

Instrumentation

MIST had approximately 850 instruments. These instruments were interfaced
to a computer-controlled, high-speed data acquisition system. MIST instrumenta-
tion consisted of measuroments of temperature, pressure, and di f ferential
pressure. Fluid level and phase indications were provided by optical *;iewports,
conductivity probes, differential pressures, and gamma densitometers. Mass flow
rates at the system boundaries were measured using Corioles flowmeters and weigh
scales. Loop mass flow rates were measured using venturis and turbines.

TRANSIENT TEST PROGRAM

The MIST transient tests were defined to generate integral system data for
code benchmarking. The transient test series was divided into the following

,

seven groups:

e Mapping

e Boundary systems
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e Leak and HPI configuration

e HPI-PORY cooling (feed and bleed)

e Steam generator tube rupture

e Noncondensible gas and venting

e Reactor coolant pump operation

The mapping tests were intended to examine the initial post-S8LOCA transient
interactions. In these tests, the primary system inventory was caref ully I

controlled and slowly varied to allow the examination o the normally rapid and |r

overlapping post-S8LOCA events. )
i

The boundary system tests examined the adequacy and impact of the major )
boundary system simulations of MIST; namely, the reactor vessel vent valves
(RVVVs), guard heating, level controls of the steam generators, and auxiliary
feodwater (AFW) wetting. These tests were the first to be conducted after
mapping to ensure that the boundary system simulations were understood and that
the proper simulation had been selected before most of the transient tests were
performed. One test with a plant-versed operator was also scheduled early to
permit revision of the subsequent tests, if required. The base test conditions
for the group included a scaled,10-cm2, cold leg discharge leak; automatic RVVV
actuation on dif ferential pressure; automatic guard heater control; constant
steam generator level control (after refill); and symmetric steam generator

i cooldown. The inter-test variations included RVVVs manually closed, RVVVs
} manually opened, no guard heating, band control of the steam generator secondary
'

level, asymmetric steam generator cooldown, maximum feed wetting, and use of ;

abnormal transient operating guidelines. The base test was also repeated. |

The SBLOCA interactions were also examined in the third group of tests, the
Leak and HPI Configuration Group. The leak size and location as well as the HPI
capacity were varied singly among the tests, while maintaining the other boundary
conditions at their nominal settings. Whereas the nominal leak size was 10 cm2,
leak flow areas of 5 and 50 cm2 (scaled to MIST) were also tested. A cold leg

j suction and a PORY break were used, in addition to the nominal cold leg discharge
; break. Also, the capacity of the high-pressure injection system was reduced by

roughly one-half in one S8LOCA test.
|

NOTEWORTHY INTERACTIONS

The interactions summarized herein were noteworthy for one or both of the |

following two reasons: The MIST interaction was inherently of interest, or the
; interaction had implications for code modelling and the interpretation of code

predictions,'

t

Initial Interruption
*

The initial asymmetric interruption of one loop was quite sensitive to the ;3

a test initial conditions and to the actuation and performance of the boundary ;

i

t

328



|

|

systems. The initial interruption strongly influenced subsequent events, such as
occurred in Nominal Test 9 versus Nominal Repeat Test 10. This sensitivity of
early events was apparently peculiar to the use of natural circulation rather
than forced flow in this MIST test group. This sensitivity is thus of interest
primarily to the code analysts modelling these MIST transients.

Counterflow

Liquid-liquid counterflow was generally obse rved. Based on repeated
observations of its occurrence in MIST, the necessary conditions for counterflow
included low or stagnating loop flow and relatively warm fluid at a lowe r
oisvation (such as warm upper-downcomer fl uid versus HPI-cooled fluid).
Counterflow permitted leak fluid heating and, hence, augmented HPI-leak cooling.
Because system codes generally have no provision for liquid-liquid counterflow,
code predictions of transients may diverge from observations except as mitigated
by modelling adjustments.

Hot Leg Level Differences

Hot leg levels generally differed both across the U-bends (riser versus
stub) and between loops. These level differences were of inherent interest for
several reasons. The differences influenced the level range over which both BCM
and spillover circulation were precluded; they varied (within a loop) with the
natural circulation driving head and, between loops, in response to the amount of
oxcess energy in the U-bend steam and adjacent metal.

RVVV Effects

The primary system generally depressurized, even with the steam generators
inactive, after the downcomer liquid level had descended to the elevation of the
cold leg nozzles. In this configuration, the RVVVs discharged core-generated
steam into the downcomer whereupon it condensed on the relatively cold HPI. The i

RVVVs were thus observed to enhance primary system depressurization. With the
RVVVs kept closed, the primary system fi rst depressurized readily through
sustained circulation in one loop, but then repressurized and began a prolonged
period of variations of pressure, levels, and total fluid mass.

Inter-Cold Leg Flow

Periods of inter-col d leg (intra-loop) flow were observed in most SBLOCA
tests. The HPI-cooled cold leg fluid would backflow down the cold leg suction
piping to the cold leg junction near the steam generator primary outlet. Here,

tha fluid was heated slightly by the steam generator fluid. The somewhat warmer
fluid flowed forward, upward through the adjacent cold leg suction piping, and
down the discharge piping to the common point in the downcomer. The slight
temperature dif ference between the fluid in the adjacent col d leg suctions
sustained the inter-cold leg flow. This flow circuit tended to equalize the cold
leg fluid temperatures, but had little apparent impact on the ongoing system
ev::nts.
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BCM

The boiler-condenser mode (BCM) was repeatedly observed to provide an
ef fective mechanism for primary-to-secondary heat transfer, condensation of
primary system vapor, and hence primary system depressurization. AFW-BCM rather
than pool BCM was generally observed. The AFW-BCMs occurred singly, alternating
between loops, and in, tandem.

Equilibrium

Primary and secondary system conditions generally stabilized when the hot
leg (riser and stub) levels attained intermediate values. The primary system
pressure stabilized after an initial increase. The core exit fluid remained
saturated whereas the core inlet (and lower downcomer) fluid temperatures slowly
decreased due to HPI cool i ng. The temperature rise across the core thus
increased, exceeding 200F,

Spillover

The quiescent primary and secondary systems abruptly reactivated when a hot
leg riser level reattained the U-bend spillover elevation. The accompanying
displacement of fluid throughout the primary system caused rapid temperature
changes, most notably within the core. The relatively cold core-inlet fluid,
upon its displacement through the core, caused the subcooling margin (SCM) to
jump from 0 to more than 100F, Several such spillover events generally occurred
before a hot leg remained full.

Band Steam Generator Control

Band rather than constant control of the steam generator secondary levels
had a remarkable effect. With band control (feeding from a lower level setpoint
to a higher setpoint, then interrupting feed), there were no periods of lingering
or slight steam generator heat transfer activity. The steam generators were
either dormant or active -- sometimes unusually so. Upon the first spillover
event, after several hours of primary-to-secondary decoupling, the ensuing steam
generator activity resulted in the bulk diversion of feed into the steam lines.

Operator Effects

The operator-controlled transient restmMed the rest of the transients, but
primary system refill and depressurization were more quickly accomplished. The
operator employed a wide variety and relatively extensive set of actions to
sustain primary-to-secondary heat transfer, control the SCM, and hasten refill.
Unlike the usual MIST SBLOCA tests, the operator manually opened the PORY.

Restart of Natural Circulation

Natural circulation generclly restarted upon hot leg spillover and remained
active, provided that a hot leg riser level remained at the U-bend spillover
elevation. The natural circulation restart was rapid and smooth. The primary
system was then cooled and depressurized regularly through primary-to-secondary
heat transfer.
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Core Cooling

Core cooling was maintained throughout each of the MIST S8LOCA tests. The
core region collapsed liquid level generally remained well above the top of the
Core.

System Resiliency

Because the RVVVs linked the core steam generation to the subcooled HPI and
to the cold leg break site, the system conditions changed inherently toward
d: pressurization and fluid mass equilibrium. With an increased break size, for

example, the saturation of the break site fluid caused the break mass flow rate
to decrease toward the HPI flow rate. As another example, the decreased
condensing capacity with a reduced HPI flow rate was offset by an increased break
volumetric discharge rate when the break site voided. Following a small break,
the RVVV-equipped system thus has an inherent tendency to depressurize and to
attain mass equilibrium.

This system resiliency is illustrated further by examining the results from
three tests in which the imposed boundary conditions were significantly
different. The three tests include the Nominal Repeat Test, 3110AA, a 10 square
cantimeter cold leg pump discharge break with full capacity HPI; the Increased
Break Size, Test 320201, a 50 square centimeter cold leg pump discharge break
tr ith full capacity HPI; and Reduced HPI Capacity, Test 320604, a 10 square
contimeter cold leg pump discharge break with approximately half-capacity HPI.
The remaining initial and boundary conditions were the same for these three
tests. A brief description of the results from each test will be presented.

Test Facility Initial Conditions

The test facility was initialized in steady-state natural circulation with a
scaled core power of 3.9%. Primary pressure was adjusted to obtain a core exist
subcooling of about 23F. The secondary side of the steam generators was
controlled to 1010 psia steam pressure, the secondary level was maintained at 5
foot. The initial conditions for the three tests are summarized in Table 1.

4
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Table 1

Initial Conditions

Paramnter Test 3110AA Test 370701 Test 370604

Prima rv Loco -

Pressure, psia 1729 1730 1730 ;

Core Exist Sub- 23.2 23.6 23.9 !

cooling, F
JCore Power, kW 127.8 128.1 127.9 i

Pressurizer Level, 23.0 22.9 22.8
'

feet (1)

Secondarv Loco

Steam Pressure, psia
Generator A 1913 1014 1013
Generator B 1013 1014 1015

Collapsed Level, feet
Generator A 5.1 4.7 5.1
Generator B 5.1 5.0 4.8

Feedwater Temperature, F
Generator A 113.3 116.6 112.5
Generator B 114.5 117.5 113.1

:

__________

(1) All levels are reported relative to the steam generator secondary face of the
lower tubesheet.

I
r

i

1

.

:
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Each test was initiated by opening a scaled leak in the cold leg discharge
piping. The leak was located downstream of the B1 reactor coolant pump, just
beyond the HPI nozzle, on the bottom side of the pipe. Following leak actuation,
the operator performed the followirig actions when the pressurizer level reached
the 19 feet.

Initiated refill of the steam generators to 31.6 feet using full auxiliary-

feedwater head-flow capability

Activated HPI to each cold leg using either full capacity (Test 3110AA and-

320201), or approximately half capacity (Test 320604)

Started the simulated decay core power ramp-

Transferred reactor vessel vent valve control to allow valve actuation based-

on the differential pressure between the vessel and downcomer

Actuated the steam pressure controls-

After steam generator refill to 31.6 feet, the generators were controlled to
maintain a constant level. Steam pressure was controlled to maintain a 50F
temperature difference between core exist temperature and secondary saturation
temperature by steaming tho generator at a cooldown rate of 100F/ hour. If this
p r iir,s ry- to- se conda ry temperature di f fe rence becomes negative (reverse heat
transfer), then steam pressure was reduced at 50 psi / minute until the desired 50F
prima ry-to-seconda ry temperature difference was obtained. When the dif ference
between core exist temperature and secondary saturation exceeded 50F, steam
pressure was maintained constant. HPI was controlled to maintain the desired
head-flow characteristic (either full or half capacity), unless a core exit
subcooling of 70F was reached. HPI flow was then proportionally throttled as the
core exit subcooling increased from 70 tc BOF. In each test the Core Flood Tank
(CFT) was available and charged to 600 psia. For this phase of MIST testing a
low pressure injection simulation was not available.

Nominal Repeat, Test 3110AA

Upon initiating the 10 square centimeter leak the primary system began to
depressurize at 115 psi per minute from 1730 psia (Figure 2a). The pressurizer
outsurge accompanying leak actuation first displaced the relatively cold surge
line fluid into the hot leg A riser, then reheated the A riser as the initially
saturated pressurizer fluid entered the hot leg. The hot leg B riser
temperatures increased to 596F at 1 minute in response to the decreasing core
flow, and the subsequent core exit temperature rise. At about 2.1 minutes
(relative to leak opening) the hot leg A U-bend fluid saturated. The hot leg A
U-bend voiding increased and the spillover elevation became uncovered, resulting
in a reduction of the loop A flow (Figure 3) and a rapid decrease in the level
beyond the U-bend (Figure 4a). The loop A flow rates remained virtually
stagnated beyond 3.6 minutes. The hot leg B U-bend first saturated at 2.4
minutes, however intermittent loop B flow continued until 15 minutes (Figure 3).
Primary pressure stabilized around 1400 psia flowing loop saturation, then
continued to gradually depressurize due to prima ry-to-steam generator B heat
transfer. Primary pressure began to slowly increase from 1350 psia following com-
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increased effects of HPI cooling. The leak flow rate thus increased dramatically
,

and approached the diminished HPI flow rate at 130 minutes. The rate of hot leg l

level rise thus slowed with the riser and stub levels between 55 and 58 feet,
that is, above the steam generators but well below the U-bend spillover (Figure
4b).

During the next several hours the hot leg levels slowly increased. The
reactor vessel vent valves began to actuate intermittently as the core vapor
generation rate became insufficient to continuously maintain the vent valve
differential pressures above the closing setpoint. The core exit fluid remained
saturated during the slow refill of the hot legs, but the temperature difference
across the core rose as the lower downcomer and core inlet fluid cooled. This
cooling occurred as the HPI capacity exceeded the core vapor generation rate.

At 270 minutes the hot leg A riser level achieved the U-bend spillover. The
test was terminated at 663 minutes with loop A full, whereas the loop B hot leg
riser and steam generator primary levels remained in the vicinity of the upper
tubesheet (Figure 4b).

Increased Leak Size, Test 320201

A 50 square centimeter cold leg B1 discharge leak was used in test 320201.
The initial conditions for this test were similar to those of the previous test
as shown in Table 1. Upon leak actuation the primary depressurized at about 1700

;psi / minute (Figure 5). The enhanced initial primary systm mass depletion rate
with the 50 square centimeter break caused (broken) loop B, rathef than (intact
and pressurizer) loop A, to interrupt first. The levels in both hot legs began
to decrease around 1 minute (Figure 6). The primary pressure briefly stabilized
near 1400 psia as the primary fluid saturated. During this time, the core region
collapsed liquid level descended through the elevation of the reactor vessel vent
valves and down to the hot leg nozzles, then the downcomer lovel descended to the
same elevation. The core region and downcomer voiding propagated to the cold

,

legs beyond 2 minutes. The (broken) cold leg B1 uischarge level began to
decrease, followed by the other three cold leg levels at 4 minutes (Figure 7).
The leak site fluid saturated at 3.2 minutes, and the leak flow rate abruptly
decreased as the leak site fluid state changed from subcooled to two-phase. The
leak site conditions approachcd saturated vapor beyond 4 minutes. The voiding of
the leak site slowed the rate of primary system fluid mass depletion to
approximately 500 lb/ hour beyond 5 minutes (Figure 8). |

'

The hot leg levels of both loops descended rapidly beyond 2 minutes (Figure
6). Both steam generator primary levels descended below the elevation of the
upper tubesheet, exposing primary system vapor to the fced injection site. The
rate of primary system depressurization approached 200 psi / minute at 3 minutes
(Figure 5). The combination of the continuing vent valve discharge of core-

; generated steam and the decreasing primary system saturation temperature caused
the core region liquid to saturate. At 6 minutes the ster.m generator primary

'

levels rose slightly to the vicinity of the upper tubesheet (Figure 6), thus
slowing the rate of primary system depressurization. The steam generators were
refilled to 31.6 feet at 8 minutes. Feed was thus interrupted and the steam
generator A and B pressures stabilized at 710 and 630 psia (Figuro 5). The

; primary deprassurization rate increased slightly oetween 10 and 15 minutes as both

4
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pletion of the steam generator refill to 31.6 feet. Following the final loop B
spillover at 15 niinutes, the steam generator B secondary repressurized to the
control setpoint and began steaming to obtain a cooldown rate of 100F per hour,
and primary system pressure began to slowly decrease (Figure 2a).

From 15 to 45 minutes -team generator B was gradually depressurized with the
primary system to maintain the control temperature difference of 50F (between
core exit and secondary saturation). At 36 minutes the B hot leg level beyond
the U-bend reached the elevation of the auxiliary feedwater (AFW) injection
(Figure 4a). Since this generator was feeding and steaming to maintain the
primary-to-secondary control temperature dif forence of 50F, "AFW induced boiler-
condenser mode (BCM)" heat transfer occurred. In this mode of cooling, primary
vapor was condensed within the stecm generator, in the region cooled by the
injection of relatively cold feed. This event resulted in a slight increase in
the primary depressurization rate (Figure 2a) and a realignment of hot leg levels
(Figure 4a). Primary depressurization continued through heat transfer to the B
generator. At 45 minutes the loop A steam generator primary level descended to
the elevation of the secondary pool, thus activating a "pool BCM", the
condensation of primary vapor within the steam generator in the vicinity of the
liquid level ove rl ap, with the secondary level at or above the primary level.
The steam generator A secondary pressure (Figure 2a), which had remained constant
since secondary refill, now repressurized to the control value, then began to be
steamed at 50 minutes. The primary depressurization rate, which had decreased
since the earlier generator B event, now stabilized at 20 psi / minute.

This enhanced rate of primary depressurization reduced the core exit-to-
steam generator saturation temperature difference at a rate sufficient to
activate the 100F/ hour cooldown on both generators. The reactivation of steam
generator A feedwater at 58 minutes o bt a i ned sufficient condensation heat
transfer from the loop A primary fluid to alter the inter-loop levels (Figure
4a). The loop A hot leg levels rose, and the B levels dropped. Thus, the steam
generator A "pool BCN" was supplanted by (steam generator A) "AFW induced BCM".
The primary system dep essurization rate approached 40 psi /minuto, reducing th9
prima ry system pressure to within 100 psi of the steam generator seconda ry
pressure (Figure 2a). This steam generator activity reversed the primary system
mass depletion. The leak fluid subcooling, which had been 50F, decreased to less
than 20F subcooling at 60 minutes. As a result of the reduction in both leak
subcooling and primary pressure, the leak mass flow rate decreased while the HPI
flow rate increased. Beyond 55 minutes the HPI flow exceeded the leak flow and
primary system refill began.

The primary system depressurized below the CFT pressure of 600 psia at 63
minutes. The effects of the CFT discharge were overshadowed by the ongoing steam
generator activity. The rate of gain of the primary system total fluid mass (HPI
minus leak flow) approached 200 lb/ hour between 70 and 95 minutes. The primary
system fluid mass increase quickly precluded steam generator heat t ran sfe r,
however, as the primary levels in both generators exceeded the upper tubesheet
olevation at 85 minutes (Figure 4b). The controlled depressurization of the
steam generator secondaries ceased at 90 minutes. The secondary pressures
stabilized at 300 psia, whereas tha nr imary system repressurized as rapidly as 7
psi / minute from a minimum value of 470 psia (Figure 2b). The laak fluid
subcooling increased due to the primary system repressurization and due to the
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generators began feeding, following the transition from AFW head-flow control (to
refill the generators) to a constant SG level control. The temperature
differences between the core exit fluid and the steam generator saturation
temperatures remained less than the controlled value of 50F, due to the
continuing primary depressurization with the core exit fluid saturated. Thus,

the secondary control pressure was continually reduced at a rate equivalent ta
100F/ hour. The decreasing control pressure finally reached the current steam
pressure at 28.5 minutes. However, before the controlled steaming could take
effect, the primary system depressurization overtcok that of the steam generator
secondaries. The core exit-to-steam generator A saturation tempe rature
difference became negative and the rapid mode of steam generator depressurization
was activated. Both generators were depressurized at approximately 50 psi / minute
from 30 to 35 minutes.

The reactivation of the steam generators under these circumstances produced
strong primary-to-secondary coupling. The primary system depressurized in
parallel with the secondaries, from 650 psia at 30 minutes to 300 psia at 40
minutes. The leak flow rate abruptly decreased (Figure 8) and the core flood
tank actuated, both due to the primary system depressic izatioe.. Tha primary
system began to refill. As the steam generator secondary pressures approached
their minimum values, the rate of secondary depressurization gradually diminished
beyond 35 minutes (Figure 5).

Beyond 50 minutes the HPI and leak mass flow rates remained approximately
equal (Figure 8), the steam generator primary levels remained near the elevation
of the upper tubesheets (Figure 6), and the primary system gradually
depressurized towards the 25 psia secondaries (Figure 5). The core flood tank
was isolated at 90 minutes upon satisfying the low level isolation criteria. The
test was terminated at 187 minutes at a primary pressure of 100 psia. The core
exit and upper elevation loop fluid remained saturated, the hot leg U-bends
remained voided, and the core region levels remained in the vicinity of the
nozzles.

Reduced HPI Capacity, Test 320604

The Reduced HPI Capacity Test (320604) was initialized in the same fashion
as the two previously-discussed tests. The variation of this test was the use of
hai f-capacity HPI as opposed to full capacity in the two previous tests. The
initial conditions are summarized in Ta.ble 1.

With the reduced HPI capacity the initial hot leg voiding and flow
interruption were rapid and quite symmetric. The hot leg riser and stub levels
in both loops receded from the U-bend spillover elevation at 2 minutes after leak
actuation (Figure 9). After two subsequent spillovers, both hot leg levelc
continually subsided from the spillover elevation beyond 8.6 minutes. Both steam

,

generator secondary pressures (Figure 10) decreased with seconda ry refill,
alt'ough the steam generator B secondary repressurized slightly after 4 minutes
due to a brief period of primary-to-secondary heat transfer. The reactor vessel
and downcomer levels reached the vicinity of the cold leg and hot leg nozzles by
9 minutes. Following steam generator refill to 31.6 feet at 9.2 minutes, the
steam pressures remained quite constant, indicating negligible primary w- |
secondary heat transfer. During the succeeding 4 hours, the . steam generator sec- l

I
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ondaries depressurized somewhat due to steam leakage through the control valves.
The temperature difference between the core exit fluid and secondary saturation
stabilized at about 80F, well above the control value of 50F at which the
generators woul d be steamed. The generators thus became relatively inactive for
a prolonged period.

The continuing excess of the leak flow rate over the HPI flow rate caused
the hot leg levels to decrease toward the steam generators (Figure 9). The
(broken) cold leg B1 discharge piping began to void at 11.6 minutes, the leak
fluid temperature abruptly increased and, at 12.3 minutes, the leak flow rate
decreased (Figure 11), indicating saturated conditions at the leak site. The
excess of leak over HPI flow rate was thus reduced and the primary system total
fluid mass stabilized. The hot leg levels stabilized before reaching the upper
tubcsheet elevation, then began to slowly increase, thus precluding primary-to-
secondary heat transfer through condensation of primary vapor.

Whereas the hot leg levels stabilized, the cold leg suction and discharge
piping voided sporadically between 12 and 29 minutes. At 30 minutes, the leak

quality apparently increased, causing the leak mass flow rate to decrease further
and to approximately equal the (reduced capacity) HPI flow rate. The primary
system pressure (Figure 10), which had been nearly constant at 1350 psia, began
to diminish slowly in response to the enhanced volumetric flow out the break.
The resulting gradM1 primary system depressurization with negligible primary-to-
secondary heat transfer was of long duration.

During the next 3.5 hours the primary system pressure (Figure 10) decreased
steadily at about 200 psf / hour. The hot leg levels (Figure 9) in both loops
declined slowly. The levels beyond the U-bends entered steam generators A and B
at 123 and 165 minutes, but with no dramatic n stem response. The hot leg high-
point vents were opened at 240 minutes. The vents apparently had little effect
on the system conditions, although certain interactions occurred near the time at
which the vents were opened. Steam generator B feeding began at 235 minutes, and
the leak flow rate decreased noticeably (Figure 11), indicating increased leak
fluid quality. The cold leg suction piping in all the loops began to lose liquid
at this time, and both hot leg levels began to increase (Figure 9).

The concurrent translation of loop fluid apparently caused the steam
generator pressure control to activate. Steam generator A was steamed beginning
at 255 minutes, reducing its pressure (Figure 10) from 455 to 365 psia at 266
minutes. The gradual primary system depressurization continued from 660 psia at
240 minutes to 510 psia upon test termination at 300 minutes. The core flood
tank became weakly active at 270 minutes as the primary system depressurized
below 575 psia.

At test termination the system was relatively quiescent. The reactor vessel
and downcomer collapsed liquid levels remained near the nozzle elevation, the
reactor vessel vent valves remained open, and the hot leg levels had virtually

stabilized below the U-bends but above the steam renerators.

Comparisons

The comparison of the Nominal Repeat test to the Increarad Break Size and
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Reduced HPI Capacity tests dernonstrates an important system response--the ability
to adjust to imbalanced boundary conditions.

The primary system condition's equilibrated with the 50 square centimeter 1

break much as they did with the 10 square centimeter break. The HPI flow rate I
and core power input of the two tests were virtually identical. The key to this ;

seeming contradiction was the break fluid conditions. The core region level
|increased toward the elevation of the reactor vessel vent valves in the Nominal

R: peat test, while it remained near the top of the core in the Increased Break ;
Size test. The break site fluid remained t,aturated with the 50 square centimeter '

leak whereas the break fluid was slightly subcooled with the 10 square centimeter
leak. The break mass flow rates thus remained approximately equal beyond 90
minutes (Figure 12). The higher volumetric flow rate with two-phase conditions
at the break obtained a lower sustained pressure with the larger break (Figure
13). The lower pressure in the Increased Break Size test also contributed to its
lower break mass fl ux. Near-equilibrium conditions of mass and energy were
obtained with both the 10 and 50 square centimeter breaks, but at a lower
pressure with the larger break.

The ability of the system to ad,iust to imbalanced boundary conditions was
again demonstrated with reduced HPI capacity. In the Nominal Repeat test, the
heat capacity of the injected fluid was sufficient to condense core-generated
steam, offsetting the tendency of core steaming to pressurize the system. |
Furthermore, the transport of condensation-heated fluid to the break site |

obtained HPI-leak cooling sufficient to offset the core energy deposition.
However, with reduced capacity HPI, the HPI heat capacity sas initially

I

insufficient to condense the entire core steam production. The reactor vessel i

vont valves continued to discharge steam in excess of the HPI condensation
capacity, thus the downcomer and col d leg discharge piping continued to void
until the leak fluid saturated. In response to the strong dependence of leak
(critical) flow on fluid conditions, the leak mass flow rate then decreased and

the leak volumetric flow rate increased. In addition, the increased leak fluid
enthalpy augmented leak-HPI cooling. These inherent adjustments occurred early
in the Reduced HPI Capacity test, at approximately 9 minutes. The leak fluid I

saturated (Figure 14), tha measured leak fluid enthalpy indicated two-phase flow
(Figure 15) and, at 30 minutes, the leak fluid enthalpy increased toward that of
saturated vapor. Upon the latter fluid state transition, the primary system
pressure began to decrease continuously from 1350 psia. In the Nominal Repeat
test, with full-capacity HPI, the primary system depressurized up to 80 minutes,
primarily through boiler--condenser mode heat transfer, then repressurized and
stabilized when the hot leg levels attained intermediate elevations between the
top of the generators and the U-bends. In this manner the primary system
pressures in the two tests became approximately equal beyond 4 hours (Figure 16).

In summary, the Reduced HPI Capacity test, much like the Increased Break
Size test, demonstrated the inherent responsiveness of the system due primarily
to the reactor vessel vent valves. In both tests, the leak site fluid saturated,

thus altering the system mass, energy, and volume balances toward equilibrium.

SUbNARY

The Boundary Systems tests permitted the evaluation of the major MIST bound-
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ary system simulations and thus fulfilled their purpose. The Leak and HPI
Configuration tests provided integral-system data with differing conditions and
interactions. The test initial conditions, initiating actions, and control ;

during testing were generally as specified. The several indications of the MIST '

events, often using completely independent indications, repeatedly attested to |

the consistency of the MIST measurements.

The three tests presented, Nominal Repeat, Increased Break Size, and Reduced
HPI Capacity, demonstrated the inherent responsiveness of the systan due
primarily to the reactor vessel vent valves. In these tests, the state of the

leak site fluid adapted to the imposed boundary conditions, thus altering the
system mass, energy, and volume balances toward equilibrium.

LEGAL NOTICE

This report was prepared by the Babcock & Wilcox Company as an account of
work sponsored by the Nuclear Regulatory Conynission (NRC), the Electric Power
Research Institute (Institute), the Babcock & Wilcox Company (B&W), and the B&W
Owners' Group. No person acting on behalf of the NRC the Instituto, members of
the Institute, B&W, or the B&W Owners' Group:

1) makes any warranty, express or implied, with respect to the use of any
information, apparatus, method, or process disclosed in this report or
that such use may not infringe privately-owned rights; or

2) assumes any liabilities with respect to the use of, or for damages
resulting from the use of any i nformation, apparatus, method, or
process disclosed in this report.
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Abstract

Three areas are covered in this report. Namely a) the
thermal-hydraulics behavior of the loop during liquid inventory
depletion transients as a result of SBLOCA; b) the integral and
global approach to the facility scaling; and c) the repeatability
of the tests.

Phenomenological description of the thermal-hydraulic events
that take place during a simulated Small Break Loss Of Coolant
Accident is presented. Two types of conditions are present. The
process was found to be controlled by inventory. Thus inventory
scaling can be used as an alternative to time scaling in
describing the event sequence. Such scaling is much simpler than
the conventional hydrodynamic scaling. The causes producing
variability between the test data of identical test runs in a
multi-loop thermal-hydraulic system can be divided into two
categories. The categories can be distinguished by the
distribution of the experimental variation, namely:

1. Gaussian
2. Bifurcation

The first category encompasses that could be called the
' standard' variations of experimental data. The second category
of deviations to arise when a system under certain conditions can
be in two alternate but energetically equivalent states.

1. Introduction

The UMCP 2x4 Loop Project is a part of NRC Integral System Test
Program to provide data on tests simulating the B&W power plant behavior.
The loop facility is 1/500 of the proto-type by volume scale, and operates
at low pressure (up to 400 psia (see Fig.1)). The height is about 1/4 of
the proto-type with cross-sectional areas proportionally "fatter" than the
linear scaling. Such scaling is necessitated by the requirement that the
friction loss be properly balanced by the static head for natural
circulation. However, due to its low operating pressure, under which there
exists larger ratio of liquid density to vapor density than that at proto-
type pressure range of 1600 - 2200 psi, questions have been raised as to the
adequacy of low pressure system to model the high pressure plant. The
strategy we take are three folds:
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l

(1) Regardless of the pressure level, the physical phsnosena encountsrsd
should be basically the same although time scale might be altered.

,

Thus, the UMCP facility can produce thermal-hydraulic data of a 2x4
Loop for code assessment.

(2) Since the SB-LOCA process is slower than that of LB-LOCA, the system
can approach closer to the thermal equilibrium. Thus, a global scaling
based upon inventory, enthalpy and pressure (akin to PVT-relation in

| gas-state) can be used to describe state of the system. In such global
' scaling, inventory of the system (or components) can be used as a

substitute to time-scale.

-(3) For code assessment, it is important to establish the uncertainty of
the data base. In the past, due to the cost of operation of the large
integral test facilities, the. uncertainties can only be determined from
the repeatability of two (or at most three) runs. UMCP Loop, being a
small facility, can be used to run many repeated runs to establish the
band of uncertainty and the sensitivity of test results to variation in
test boundary / initial conditions.

In this report, we will address the above three issues based upon the
observations of test results that we have obtained in the past year.

2. Test Scope

Three categories of teste were performed:
(1) Single phase natural circulation.

(2) Two phase natural circulation, i.e. start the run after the
saturation condition is reached and vapor appears.

(3) Integral test, i.e., the run was started with s_bcooled condition
so that the depressurization period precedes the two phase period.

The test conditions of various runs are shown in Table 1. All of
them were without HPI. In addition to the above listed runs, a few runs
with HPI were conducted, but they are not listed since test results are
still undergoing data qualification procedures.

3. Test Results

3.1 Single-Phase Natural Circulation Run Series

The objective of this series of runs is to determine the effect of

unbalanced load between loops in the secondary side on the interloop
distribution of flow rates in the primary side.

3.1.1 Response of the Primary System to Asymmetric Conditions

Asymmetric distribution of secondary-side flow rates results in
similar primary-side response. Higher secondary-side flow rate extracts
more energy from the corresponding heat exchanger, enhancing the rate of
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__ . . _ . -- , .- -- - -- -



_ _ - _ _ _ _ _ _ _ _ _ _ _ .

Table 1: Test Conditions

'

TEST COMPLETED AS OF SEPTEMBER 1987

Test no. Power Break size Sec. Level Initial Cond. Comments

ITLO31287 130 kw 1/8" 75" ASYMMFTRIC SCoDinQ test

ITLO31387 130 kw 1/8" 75% ASYMMETRIC Repeat of ITLO31287

BCM071587 1/8" 50% SYMMETRIC Power drop test

~ ~

BCM071687 Repeat of BCM071587~ "

SNC072987 160 xw N/A 50% ASYMMETRIC ASYMMETRtC TO SYMMETRIC

BCMfold) It40 rw 1/8" 75% AsvMMrTRrc

I
* BCM073187 141kw 1/8" 50 % Symmetric

* ITLO80587 168kw 1/8" 50 % Symmetric
|

i 1

ITLO60787 168 kw 1/8" 501 Symmetric Repeat of ITLO80587

* ITLO81487 168 - 80 kw 1/8" 50 % Symmetric Power drop test

BCM091587 141 kw 1/8" 75% Symmetric

BCM091787 141 kw 1/8" 50% Asymmetric

* BCM092287 141 kw 1/16" 50 % Symmetnc !

l

* BCM092487 141 kw 1/16" 50 % Asymmetric

,

_ . _ . _ _ .
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hast transfer which in turn increases the rate of primary-side flow rate and
lowers primary-side temperature gradient. However, the magnitude of
primary-side flow redistribution is much less drastic as compared with that
of the secondary (Figs. 2 and 3). This is due to the fact that the thermal
length of the loop with higher secondary-side flow rate increases while the
friction head loss increases. The reverse is true with lower secondary-side
flow rate. The net result would*be a milder response to the imposed
asymmetry.

:

3.1.2 Stability of the Primary System Flow during Imposed Transient
{

Flow instability resulting in cessation of circulation was not
observed either in the asymmetry or during two-to-one loop operation

i

transients. However, flow and temperature fluctuations existed in the loops
with lower secondary-side flow rates. However, primary system temperature
increases due to asymmetric operation. The system average temperature rose '

during a symmetric to asymmetric transient while the total secondary-side |
flow rate was maintained. This is due to the fact that the asymmetric
secondary load degrades the efficiency of total heat removal.

l
!

3.2 Two-Phase Natural Circulation Test Series
i

I
The series of testa described in this paper were performed to |characterize the phenomena occurring during a small break LOCA. The initial

conditions are different from the actual small break LOCA. However, there
is reason to believe that similar phenomena should be observed in the more
complex integral tests. The most important difference between the tests
described here and the integral test is the thermal-hydraulic interaction of
the pressurizer with the primary loop. For these currently analyz'ed tests
the pressurizer surge line is isolated from the system.

The initial condition is characterized by a steady-state single phase
natural circulation in the primary loop. The secondary loop liquid
inventory is kept at a constant level (25%, 50%, 75% of the steam generator
height) during each test. Note that when the secondary liquid level is held
at 25%, single phase natural circulation is not established. Furthermore,
due to the asymmetric feed of the secondary-side coolant and/or due to the
initial enthalpic content of the primary-side, asymmetric behavior could
easily be encountered in single phase natural circulation for the 50% and
75% liquid level cases. The asymmetries are such that only one cold leg of
each steam generator pair is flowing while the other is stagnant.

The tests, for which the secondary-side liquid level is kept at 25% !
of the. steen generator height, are not of great interest. The primary loop |

remains stagnant and the reactor core heats the reactor vessel inventory and
could, if permitted, raise the loop pressure well beyond the system design
pressure. The thermal center location is such that flow is not possible
hence the volume of fluid involved in the heating process is limited to the
reactor core and its immediate surroundings.

The test is initiated when the break is opened. During the beginning
of inventory loss, some voidage is observed at the candy canes and two phase
natural circulation effectively performs in all similarly to the single-
phase steady-state natural circulation present prior to the break

353

- - - - - __ _ -. -- -. - - . _ _ , -



SINGLE PHASE NATURAL CIRCULATION 121186
stco8:wer now m4rt

7

Q=140 kW
e- P=atm

S-

1 3 h,
^ m-g .e 4- .-

$ - L_
b'' ^

e s- , <
"""xg o x

g a o r J> 1 3 y
2-ee .,; o ox

0 (Mx o,-
> o>; o

-__WP'

L] . _3o . - s
a a a 3 y y .

-1 i i i i iii i i i i i i i i

o 40 eo 120 too too 24o 200 Sto

- X- 0 w- ( m )
-

wom sovu tor 4e

Figure 2: Unbalance of Flow in Secondary-Side
of Steam Generator

S!NGLE PHASE NATURAL CIRCULATION 121386
ncseosst or m now on Asw sce

ioo
so ,

Q-110 kW
E W =4 kg/sao --
t To 4 s
( so -
T so -
[ /y *4o -

i so -1

'* /2o
to -v

8
_

h :'o:: N
4

p -so -
e -4o -

A
g -3o -

e -so -
g -70-
L - so -

-so -
-loo i e i i i i i i i

-to to So So 7o 90

sce rtow uwemet(s) 1oo(w s-w L)/mtor
* A (north)

- -

'
B (south)

Figure 3: Flow Distribution in Primary Side in Response
to Unbalance in Secondary-Side Flow

354



- - . _ _ _ _ _ -. -. ._ _ - . . . - . - - . . _ _ _ _ _ __ _ _ _ _ - -

i activotion.

As the primary liquid inventory is depleted, the void becomes more
important and the two phase natural circulation is interrupted in one and
then both candy canes. During the flow interruption, heat is not removed
from the vessel core at sufficient rate and the pressure rises. The vapor
generated in the vessel core fills the upper plenum and overflows in the hot
legs. The two phase mixture in the vertical section of the hot legs swells
and spills over the candy canes thus causing a brief but intense flow
resumption. The pressure falls. The two phase mixture that has passed over
the candy-cane reaches the steam generator and an equal volume of liquid is
spilled over the top of the cold legs loop seal. Note that the phenomena
takes place in one hot leg at the time, hence in one steam generator at the i

'same time. Furthermore, only one cold leg is flowing. Obviously the cold
leg with higher enthalpic content carries the flow because its vertical
portion leading to the loop seal is lighter. The subsequent spill-over of j
relatively cold water over the cold leg loop seal generates a flow of cold

|water in the downcomer. '

l

At this point a very important phenomenon takes place. The vapor
present in the upper plenum of the reactor vessel is brought in contact with
this cold water. There is still speculation concerning the path of the cold
water and of the vapor which brings both in direct contact. The fact is
that a sudden, violent condensation is observed in the upper plenum.
Pressure drops substantially and there is evidence that water is drawn to
the vessel from the cold legs and from the hot legs. This substantial
condensation pull subsides and a new warming trend takes place, leading to
flow resumption in the candy canes. This oscillatory behavior is evident in
Fig. 4. The RVVV open briefly when the pressure in the reactor upper plenum
reaches its minimum and is in its early portion of its subsequent upward
transient.

|

The liquid inventory keeps depleting and the system reaches a
condition where the resumption phenomenon can not occur because the liquid-
vapor mixture in the hct leg swells to the level lower than the candy cane j
elevation. Pressure then rapidly rises and depending on the secondary level

!action must be taken to keep the pressure within the system design
|boundaries. The power level is reduced in the test shown in Fig. 5. In '

Figure 6, the power was fixed but the PORV was open to relieve the pressure.
The power versus time curve is superimposed in the figure, while the PORV
cycling is evident.

Further depletion of the primary liquid inventory drops the liquid
level in the primary side of one steam generator bellow the fixed secondary
level. A cold condensing surface then becomes available for the vapor to be
collapsed and quickly an intense heat transfer recovery from the reactor
core to the activated steam generator is observed. The heat is transferred
into Boiler Condenser Mode and a strong vapor flow is observed throughout
the hot leg of the loop containing the activated steam generator. In the
test performed up to date, one steam generator is sufficient to carry the
entire cooling load. The primary pressure is brought down to a level lower
or similar to the one reached in single phase natural circulation. This is
a clear evidence of the BCM heat transfer effectiveness (Fig. 7.)
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The test is terminated when heat transfer resumption is clearly
Iachieved, or when liquid level indicates the impending danger of core

uncovery.

3.3 Integral Test Series

In this series, the operation procedure is similar to that for the
two-phas natural circulation, with the only difference being the initial ,

Iconditions. The initial conditions were set at a pressure which was about
1.4 times of the vapor pressure of the temperature in the vessel. Such
subcooling could be maintained by proper operation of heaters in the
pressurizer. Once the desired steady-state initial conditions were reached, !

the break was initiated. The pressure curve (Fig. 8) shows the similar )
trends for the two phase natural circulation, except a depressurization
period preceded the two-phase region. Although the pressure levels for
those runs were different, the essential similarity in phenomena indicates !

that the integral test can be synthesired by connecting the segments of
thermal-hydraulic modes such as depressurization period and two-phase period,

l
1

4. Inventory Scaling

In Ref. 1, it was shown that the equation of state in the pressurizer
can be scaled so that p/po can be expressed as a function of a/c , whereo
subscript o indicates the conditiun. As shown in Fig. 9, the three runs for |
three different break sizes can all be collapsed into one line in term of '

p/po = f (a/c ), which each would be of different lines in terms of p/po =o
f(t). The basic premise of scaling by equation of state is that during
small break LOCA, the process is slow and thermal - equilibrium can be
approached and thermodynamic states are of concern, while in Large Break
LOCA, the process is very fast and the dynamics and thermal transport rates
are of concern. From such consideration, thermodynamic equation of states
can be used to scale the major parts of SB-LOCA process, considering only
the energy and mass balances. This approach is much simpler than the
conventional scaling approach based upon the matching of many dimensionless
groups obtained from the coefficients of each terms in the basic field
equations for momentum and energy transport (Ref. 2). Thus, if the
thermodynamic scaling is correct, the pressure of the system can be
correlated to the inventory of system as a first approximation and to the
inventory of the pressure controlling component of system at each phase of
the process, if a finer correlation is desired. If the inventory scaling is
correct, the transient pressure histories for various runs can be plotted
against corresponding inventory history so that p can be shown as a function
of inventory. Since total loss of coolant through the break are readily
calculated, p can also be plotted against cumulative loss of inventory from
the break, which is equivalent to Vtotal a pi, or is an indication of a.
Such plots are shown in Figs. 11 to 13. Notice that Fig. 10 is for two p-
curves for the break flow rates. If p were plotted against time, they would
be off in time scale by a factor of about 3-4, while in inventory scale, the
sequence of events coincides in the same inventory frames (Fig. 11.)

If we take the inventory level at the point of transition between the
various phases of events (from two-phase circulation, to intermittent flow,
to flow interruption "frozen" state; to flow resumption, or BCM mode), the
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transition inventory for various events can be shown to be closely clustered
(Fig. 14). From physical consideration, each event transition is controlled
by the state of a specific component; as shown in the following table:

iFrom: to: transition is controlled by |

Natural Circulation Intermittent Flow level in the vessel
Intermittent Flow Flow Interruption level in the hot leg
Flow Interruption Flow Resumption matching of levels on

(or BCM) primary and secondary |
sides in the steam

:|generator

The specific transition inventories are plotted in Fig. 15. Thus from
the above discussions, it can be concluded that the inventory scaling based
upon thermodynamic state is a promising alternative to the conventional and
more dif ficult hydrodyr.amic scaling.

!
5. Repeatability

|

5.1 Objectives of Repeatability Study )

The reproducibility of experimental data is a longstanding, fundamental
concern. Traditionally the experimenter seeks to achieve the mininen

i

possible variance between successive experimental measurements. The I

inevitable interexperiment deviations are considered to be ' errors' which
obscure the picture of reality as 'it really is'. They should therefore be
eliminated, or, failing that, at least minimized by precise control of ,

initial and boundary conditions. For experimental data obtained from multi-
loop thermal hydrauli.c test facilities this traditional view is inadequate.
Such question .is of fundamental concern to code assessment.

The first step in a code assessment process thus must quantify the
reproducibility of the experimental data used in the verification. Note,
that this issue has similarities but also that it is different from the
important on-going subject of code-experiment comparisons. The later
subject area is also not resolved to date, but it has received appreciable
attention and its scope has been defined. Thus Boyack (Ref. 3) has proposed
a systematic terminology which should make code-experiment comparisons at
least qualitatively consistent. Two studies have appeared (Refs. 4,5) which
attempt to quantify code-experiment comparison by statistical methods. In
the noted studies the question of experimental reproducibility (or accuracy)
was not addressed. The implicit assumption being made then is that the
experimental uncertainty is small in comparison to the expected code-
experiment differences. This assumption is probably correct for most cases
where the experimental data is obtained from separate effect measurements
which usually concentrate on single physical mechanisms with externally
controlled boundary conditions. For experimental data obtained from
integral multi-loop facilities this assumption has to be reexamined. In
fact, it appears to be possible that for certain transients the experiment-
to-experiment (rather than the code-to-experiment) deviation can be larger
and will therefore set quantitative limits to the verification procedure.
It will then also set the limits of precision for the mathematical models.
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|

This study provides an overview and analysis of the variability of |
thermal-hydraulic phenomena observed in the U. of Md. 2x4 Loop (Refs. !
1,6,7). Because of reasonably fast turnaround times of the facility, it has I
been possible to conduct a range of experiments. The number is still |

limited. However, for the first time a data base is being accumulated for l
integral multi-loop facilities which will allow, not just comparisons of
specific repeat tests, but also broader generalizations. The observations
reported in this study are lent further credence by qualitatively similar
experimental phenomena reported by the SR1 (Ref. 8) and MIST (Ref. 9) test
facilities.

!

One of the features which complicates the analysis of test data
variability for multi-loop thermal-hydraulic systems is that this
variability can be generated by several qualitatively different phenomena.
Therefore, before presentation and analysis of the test data, the nature of
these potential phenonena is reviewed. j

i

1

5.2 Causes /ariability in Multi-Loop Systems

An integral thermal-hydraulic multi-loop system dif fers f rom an open
separate effect test f acility in several important aspects. These
distinctions can lead to qualitatively different behavior during tests which
attempt to reproduce measurements. The differences encompass both steady-
state and transient behavior. Let's consider steady-state first.

5.2.1 Existence of Alternative States.

For a range of source-sink conditions a multi-loop facility can be in
alternate steady flow states. For example, consider the four cold legs of
the U. of Md. facility. Any one of the cold legs or any combination of cold

jlegs acting in concern can provide a ecmplete path for coolant flow. Thus i

4at least theorecically a total of 15 (i.e. 2 -1) equivalent steMy-state
operations based on flow distribution in the cold legs flow are possible.
The flow geometry in the core and downcomer and through the steam generator

,tubes also provides opportunities for less clearly defined multiple flow
paths. It thus is apparent that theoretically the number of potential flow
paths and thus the number of possible steady-states is very large.

|

Not all of the states are equally probable, furthermore the probability
distribution of the states will change with core power, with sink
configuration, and with prehistory (that is the path by which the steady-
state.is approached). For example, for the power levels at which the tests
have been conducted so f ar no cases have occurred where all of the flows
were carried by a single cold leg, though various two and three cold leg

Icombinations have been observed, The probability of multi cold leg i

operation increases with power and at the maximur power level usually all
four cold legs are active. Furthermore, once est klished, all flow states
tend to become stabilized. This is the consequem of the ' loop seal l
geometry of the cold legs which stabilize with the accumulation of colder
water. The existence of alternate flow paths within the core and downcomer

,

is not verified as readily, though indirect evidence indicates that they are j
present.
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From the point of view of steady state operation, the existence of
multiple flow states does not have significant consequences. If they are

indeed stable alternate states, this implien that their energy carrying
capability is equivalent. The overall performance of the system therefore
does not depend on which of the alternate state is active. However, this
situation can change for the case of a transient which takes the system
through a scenario of sequential events. The path (or ' trajectory') to be
followed by the transient can potentially be influenced by a given alternate
flow state.

5.2.2 Amplification of Phenomena

Another important characteristic of integral systems is that for
certain conditions they are able to amplify (or dampen) imposed
perturbations. To a degree ' amplification' has similarities with what is
traditionally called parametric ' sensitivity'. That is, some parameters
like, for example, temperature in a two phase system can produce larger
consequences than others. In such cases perturbation of the ' sensitive'
parameters must be controlled more tightly in order to achieve acceptable
reproducibility between tests. This is true also for separate effects
experiments, heaever, separate effect tests continuously control boundary
conditions and this in turn keeps the amplification of phenomena produced by
perturbation of sensitive parameters within finite bounds. This is not
necessarily true for an integral facility. In an integral loop the state of

the fluid in one component at time t becomes the boundary condition for the
fluid in another component at time t+dt. Thus true aaplification during
which a local perturbation grows wich time to encompass the entire system
becomes possible. Such phenomena are observed vhenever a two phase
stratified temperature condition develops. The temperature dif ference (at
times of up to ~100 C) between the ' hot' partly vaporized upper regions and
the ' cold' lower regions represents a large energy potential. If local
turbulence succeed in transferring even amall amounts of mass between the
two temperature gradients, they can initiate condensation implosions which
can effect the entire system.

Note that for a number of phenomena and perturbations the integral
natured of the facility can also exert a dampening influence. As matter of
fact, for ar. adequately designed natural circulation system danping effects
predominate.

The perturbation amplification is even more dramatic if it coincides
with the transition mechanism when a thermal-hydraulic process is about to
enter a new phase and the transition is delayed or prcaoted.

5.2.3 Distribution of Deviations

The presence of alternate operational states in multi-loop thermal- ;

hydraulic systems and the tendency of integral facilities to ' amplify' .

perturbations under come conditions influence test repeatability. If the !

noted physical mechanisms are not damped, a h2w type of test to test
deviation will be present. Test repeatability can now be divided into two
categories which ste distinguished by the distribution of the experimental
variations.

|

I
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The two types of distribution are: !

s. Gaussian |
b. Bifurcation

The first category encompasses what could be called the ' standard' |
variations of experimental data. The causes of these variations are the
inevitable imprecisions of initial and boundary conditions which are coupled
with the imprecision of measuring instruments. If all of these imprecisions
can be assumed to be random, then the measurements of repeat experiments
will have a Gaussian distribution about some statistical mean. The task
seeking to quantify a lower limit for the code-experiment agreement margin
would then be reduced to the determination of standard deviations of such
distributions. An example of repeat tests which appear to fit this category
is shown in Figs. 16 and 17.'

The second category of deviations to be considered is less familiar.
They arise when the trajectory of a transient is deflected into an alternate
path. This can happen if the transient scenario passes through an operating
region where alternate states are possible or through operation conditions
which can amplify small perturbations. In either case it is possible that a
new trajectory completely outside the expected margin of two standard
deviations is generated. An example of two duplicate tests which follow
qualitatively different paths is given in Figs.18 and 19.

The definitions noted above are made primarily for classification
purposes. Actually in multi-loop thermal-hydraulic f acilities usually both
deviation causing mechanisms (random errors and bifurcations) are present.
The circumstance chat at time very similar test trajectories for duplicate
experiments are obtained is due to the strong ' damping' mechanism that
characterizes most operating regimes of an integral facility.

6. Conclusion

Based upon the results of tests obtained from UMCP 2x4 Loop the
following conclusions can be drawn;

6.1 For Parametric Ef fects

|
6.1.1 One phase natural circulation - The flow distributions between |

the primary loops are only weakly dependent upon the unbalance of loads i
or. the secondary-side; but only become significant when loads were
almost completely tilted to one loop.

6.1.2 Two phase natural circulation, including BCM, exhibits
consistent behavior for various conditions. The sequence of events are
the same and the transitions between events seemed to be mostly
controlled by inv(ntory. i

6.1.3 Integral test - The scenario of integral test can be synthesized j
by combining the segments of thermal-hydraulic modes observed in one-
phase and two phase natural circulations.

I
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6.2 Inventory Scaling

The inventory scale shows as a promising alternative to time scale.
The major events can be plotted on a global inventory scale, with transition
between modes be more finely correlated to the inventory of the respective
dominating components.

6.3 Repeatabilitt

The loop provides a vehicle to carry out many repeated runs with the
same initial conditions. The test results show that although many runs can |
be clustered together in Gaussian type distribution, there are occasional '

"out-layers", which are quite dissimilar to the other clustered runs. These
runs should also be considered as legitimate data, and were due to the
amplification of some small unaccounted disturbance which were propagated
due to the feed-back mechanism of the loop. Such type of runs can be call
"bifurcation" runs. Both types of runs can provide a realistic data base
for the code assessor for comparison against codes.
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LOBI-MOD 2 Small Break LOCA and Special Transients

Experimental Programme - Status and Future Plans

L. Piplies, C. Addabbo

Commission of the European Communities
Joint Research Centre, Ispra Establishment

I-21020 Ispra, Italy

ABSTRACT

The LOBI-MOD 2 experirental programme is outlined with empha-
sis on specific programme objectives, significant achieve-
ments and future plans. The general structure of and the

framework in which the research programme is carried out
are firstly described. The status of the experimental pro-
gramme and short term plans are then presented; within this
context the methodology underlying the establishment of the

LOCA and Special Transients Test Matrices is discussed.

Finally, system code asses 1 ment and improvement activities
which complement the experimental programme are briefly
highlighted.

.

INTRODUCi10N

The LOBI-MOD 2 (LWR Off-normal B_ehaviour Investigations) experimental
programme represents an important contribution to the Light Water
Reactor (LWR) Safety Research Programme of the Commission of the
European Communities (CEC). It is being conducted in the Ispra
Establishment of the Joint Research Centre (JRC) and its primary
objective is to provide experimental data for the assessment of system
codes used in the LWR safety analysis. Within this context, experiments
are conducted in a 2-loop, 1/700 scaled high pressure integral system
test facility for a range of conditions relevant to small break ;
Loss-Of-Coolant Accident (LOCA) and Special Transients in Pressurized |

Water Reactors (PWRs).

Originally, the research programme was mainly conceived for the para-
metric investigation of large break LOCAs in PWRs with emphasis on the
performance of the Emergency-Core-Cooling Systems (ECCS). As the percep-
tion of priorities in water reactor safety changed early in 1980, the
programme was redirected towards the investigation of small break LOCA
and Special Transients phenomenology requiring the modification of the
test facility from the MOD 1 to the present MOD 2 configuration.
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The LOBI-MOD 1 test facility was operated until June 1982; 25 LOCA

experiments were performed covering the large to intermediate break
size spectrum. In addition, 3 s.nall break LOCA scoping tests were
performed to assess the adequacy, of the MODI configuration in represen-
ting the governing physical phenomena for this class of accidents. The
LOBI-MOD 2 test facility which incorporates extennive modifications with
respect to the MODI configuration, became operational in April 1984 To
date, 23 experiments have been performed. They comprise 14 small break
LOCA tests, 5 Special Transients tests, 1 natural circulation test and
3 steam generators secondary side performance and characterization
tes*s.

The general structure of the overall research programme and the inter-
national context in which is carried out, provide the basis for a close

collaboration among the various European Community Member Countries.
Such a collaboration which is formalized in the LOBI Working Group B

(WG-B) and in the LOCA and Transients Programme Task Forces (LPTF and
TPTF), encompasses the elaboration of the experimental programme, the
definition of test profiles and pre- as well as post-test analysis with

large system codes.

The experimental programme is complemented by a comprehensive code
assessment and improvement programme. RELAPS/MODl-EOR and RELAp5/ MOD 2
are currently being used within the LOBI Project as main analytical
tools; CATHARE, ORUFAN, ATHLET, TRAC and RETRAN are being used by
outside organisations for test design and prediction calculations.

THE LOBI-MOD 2 TEST FACILITY

The LOBI-MOD 2 test facility / 1 / is a high pressure, full power
integral system test facility repreeenting an approximately 1 : 700
secle model of a 4-loop, 1300 MWe PWR, Fig. 1. It has two primary

loops, the intact or triple loop representing three loops and the
eingle or broken loop representing one loop of the reference PWR. Each

primary loop contains a main coolant circulation pump (MCP) and a steam
generator (SG). The simulated core consists of an electriclly heated 64

rod bundle arranged in an 8 x 8 square matrix inside the pressure
vessel model; nominal heating power is 5.3 MW. Lower plenum, upper

p le t.w , ua ma.M uc trenmer and an externally mounted upper head
simulator are additional major components of the reactor model assemb-

ly. The primary cooling system operates at normal PWR conditions:
o

approximately 1 58 bar and 294 - 326 C pressure and temperatures,
respectively.
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Heat is removed from the primary loops by the secondary cooling circuit
! containing a condenser and a cooler, the main feedwater pump, and the
! auxiliary feedwater system. The normal operating conditions of the

f secondary cooling circuit are 210 C feedwater temperature and 64.5 bar
| pressure. The secondary cooling circuit is, however, designed for
'

pressure and temperature of up to 100 bar and 310 C, respectively.

The meas rement system currently consists of a total of about 700

measurement channel. It allows the measurement of all relevant thermo- '

hydraulic quantities at the boundaries (inlet and outlet) of each
individual loop component and within the reactor pressure vessel model
and steam generators.

The whole LOBI-MOD 2 test facility and individual components were scaled
to preserve, insofar as possible or practical, similarity of thermo-

hydraulic achaviour with respect to the reference plant during normal
and off-norn,sl conditions. A process control system allows the simula-

tion of both the reactor pump hydraulic behavic tr and the thermal
,

behaviour of an equivalent fuel rod bundle.

THE LOBI-MOD 2 EXp'aRIMENTAL PROGRAMME

The LOBI-MOD 2 experimental programme is basically oriented towards the
generation of experimental data to support the development of analyti-
cal models and the assessment of large system codes used in water
reactor safety analysis. The experimental programme comprises the
A-Test Matrix vnich is being performed in the framework of a R&D .

contract between the Bundesminister fur Forschung und Technologie
(BMFT) of the Federal Republic of Germany and the Commission of the
European Communities and the small break LOCA and the Special Tran- ;

sients test matrices of the Community- or B-Progr:,ame. A summary review !

on tne status of the overall experimental progronme is given in Table 1.
,

!

A-Progra. cme,:

The LOB'.-MOL2 A-Programme Test Matrix consists of a total of 15 tests

of which 11 have been already performed. It includes small break LOCA

tests covering a inge of test conditions of interest to PWR of German

design. In the test matrix is included also a loss of offsite and

normal onsite electricuT nower ATWS (LONOP-ATWS) event and performance /-
characterization tests. A number of tests are defined as counterpart or

1 complementary tests to the Kraftwerk Union PrimMrkreislauf III
| (PKL-III) test facility. |

l

1
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B-Programme:

As previously mentioned, the B-Programe.e is the result of an inter-
,

national cooperation in the field of water reactor safety reseach.
Within this framework, a small break LOCA and a Special Transients test

matrix have been established by experts of the member states assembled
in the LOCA and Transients Programme Task Forces which are sub-units of

the Research Programme Working Group B, _ a consultative body of the JRC
Directorate.

The terms of reference of the Task Forces is to elaborate and propose

to the Working Group B an experimental programme on PWR LOCA and i

Ianticipated as well as abnormal transients which could be performed
with the LOBI-MOD 2 test facility. The mandate also includes to advise, ,

taking into account theoretical needs and safety concerns, on test
priorities and to allocate for each test a Partner Country (PC): that
is, an EC member state organisation having the task to collaborate, on

behalf of all participating countries, with the LOBI staff in the
detailed test specification as well as in the pre- and - post-test
analysis of the results with large system codes.

The methodology used in the definition of each test case and in the
establishment of the corresponding test profile, is to reproduce gover-

ning physical phenomena rather than teut reference plant specific
conditions. To this end, a common set of test initial and boundary

conditions is agreed upon taking into account differences in the design
,

of PWRs sf current interest to the participating EC member states. The

ultimate goal is to establish for each test case a common profile which'

would a. low the investigation of the relevant phenomena and eventual *

parametric studies in variant tests.

The LOBI-MOD 2 small break LOCA B-Test Matrix at present contains 32

test cases which cover a wide range of parametric variations. The break

size spectrum ranges from 0.4 % to 25 % including the Steam Generator,

Tube Rupture (SGTR) scenario. Other major parametric variations include

the break location, the configuration and setpoints of the engineered i

safe ty systems, the operation of the main coolant pumps and the I

cooldown rate of the secondary system; 5 small break LOCA tests of the

B-Matrix have been so far perfermed.

The LOBI-MOD 2 Special Transient s B-Test Matrix comprises at present 15,

test cases spanning a variety of anticipated and abnorrnal PWR condi-
,

tions caused by intact circuit faults such as loss of main and/or
auxiliary feedwater, station blackout, steam line break and feedline.

break events. Accident mitigation and recovery procedures are generally

considered in the definition of the transient profile; 5 Special )
Transients tests of the B-Matrix have been so far performed.4

l

i
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!

(
,

Performance and characterization tests are integral part of the overall
experimental programme. They include steam generator performance and
secondary side mass inventory tests as well'as primary and secondary

,

system heat loss tests. The general objective is to reduce uncertain-
)ties in predicted results which may originate from potential plant
j

state modelling inaccuracies.
.

COUNTERPART TEST PROGRAMME

System codes adopted in LWR safety analysis are generally developed and
assessed on the basis of experimental data acquired in scaled test
facilities. To verify the scalability of such codes to full-size
plants, JRC-Ispra is advocating the establishment of a data base in

which scaling is the main parametric variation. To this end, JRC-Ispra
is in favour of a counterpart test programme to be carried out among
the differently volume-scaled LOBI-MOD 2 (1 : 700), SPES (1 : 425) and

,

BETHSY (1 : 100) test facili ties . Perceived practical consideration
have suggested to use the above test facilities in the feasibility ;
assessment of such a test programme which could, however, be expanded i

to the Japanese LSTF (1 : 50) and, where appropriate, to the German
PKL III (1 : 145) test facility.

The ultimate objective of such a programme is to contribute to the
< uantification of the expected predictive accuracy of system code,

calculation for full-size PWRs. In this framework proper strategies for
counterpart testing in integral loop systems should be applied, see

! / 1, 3 /. '

| CODL ASSESSMENT

RELAPS/ MOD 1 and RELAPS/ MOD 2 converted into an IBM compatible form are
tho main analytical tools used within the LOBI Project for test design
as ,rell as for pre- and post-test prediction calculations / 4 /. !
RELAPJ/MODl-EUR, the JRC-Ispra versinn of the original Idaho National
Engin nring Laboratory (INEL) version, includes several model improve-
ments wit 1 respect to the latter.

J P.C-I s pra , on behalf of the Commission of the European Communities is
promoting the participation of EC member stato national organisations
in system code assessment. This activity is carried out within the
Shared Cost Action Programme in the form of research contracts between
the Commission and national laboratories or organisations of EC member
states. The Commission funding of t he c. ' contracts amounts to about

;
4
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50 %. This activity is devoted in particular to the ascessment of |

CATHARE, DRUFAN and RELAP5/ MOD 2 with LOBI-MOD 1 and LOBI-MOD 2 experimen-
tal data. The organisations participating in this activity and the test
matrix are given in Table 2.

Extensive use of LOBI data is made in the code assessment test matricea
of the OECD-CNSI (Organisation for Economic Cooperation and Development

Committee on the Safety of Nuclear Installations) and USNRC-ICAP-

(International Code Assessment Programme).

PLANS

Short term plans are focussed on the execution of already defined tests
as shown in the provisional '88 test matrix, Table 3. Tests of proven

relevance to r.ystem code assessment have been already identified for
inclusion in the '89-90 experimental programme; test priorities and
test partner countries are, however, not yet finally allocated.

The use of the LOBI-MOD 2 test facility for the systematic validation /-
verification of PWR accident management strategies is being assessed;
also, the potential use of the MOD 2 configuration for the investigation '

~ '

of advanced light water reactor safety problems is under consideration.

Assessment and improvement of RELAP5/MODl-EUR and RELAPS/ MOD 2 will be a
continuing activity in support of the experimental programme and as

part of the USNRC ICAP Programme.

The IBM version of the RELAPS/ MOD 2 code will Le maintained. Development
,

work on a Plant Analyser System and on methodologies for diagnostic / pro-
tgnostic systems will be pursued.

Considerable effort will be devoted to the maintenance of the measure-

ment system, to the improvement of existing measurement techniques and

to the development of new ones, especially in two-phase flow regimes.

CONCLUSIONS

Small Break LOCA tests and Special Transients are being performed in

the LOBI-MOD 2 test facility. Testing strategy is focussed on governing

physical phenomena of relevance to code development and assessment
rather than on reproducing full-size plant specific conditions.

,

,

f
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|

|

As structured, the LOBI overall research programme represents a effec- I

tive approach to international collaboration in the field of reactor |
'

safety research and development. Such a collaboration provides also the !

opportunity for the exchange of national views and expertise among the |
participating delegations of the European Community member states. |,

I

The experimental programme is complemented by an extensive code applica-
tion and improvement programme. Within this context the LOBI-Project
intends to provide a relevant contribution to the international effort
in system code assessment,

i

,
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Teble 1: LOBI-MOD 2 EXPERIMENTAL PROGRAMME

Test Matrix for 1984 - 1987 (Statust October 1987)

|
es esign/| Tsst PartnerDefinition Pre dic tion PhenomenologyDate Country

Calculations

! Al-76 SG Performance at 100 %. Ge rmany DRUFAN Separator efficiency at
12.04.84 50 % and 10 % power BMFT (GRS) RELAPS/ MODI-EUR high SCS inventory

SG heat transfer degradation
at low SCS inventory

A2-81 1 % CL break LOCA Ge rmany ATHENA Primary system depressuriza-
27.09.84 2 x 4 HPIS into CL BMFT (GRS) CATHARE zation governed by secondary

Accu off DRUFAN-MOD 2(3) system cooldown rate
100 K/h SCS cooldown ISP-18 FRACAS 2 # natural circulation and

NOTRUMP reflux condenser heat
RE LAP 4/ MOD 6( 2 ) transport
RELAP5/ MOD 1(10) No core uncovery and no
RELAPS/ MOD 2(4) loop seal clearout
TRAC-Ff1(3)

Al-82 1 % CL break LOCA Ge rmany DRUFAN Counterpart to test A2-81
28.09.84 2 x 4 HPIS into HL BMTT (GRS) RE LAPS / MODI-EUR with respect to HPIS connee-

Accu off tion
100 K/h SCS cooldown Primary and secondary system

strongly coupled
Reduced ECC bypass and miti-
gation of subcooling in the
vessel dowtacomer
No core uncovery and no loop
seal clearout

i

A1-78 2 % CL break LOCA Ge rmany DRUFAN Primary system depressuriza-
24.10.84 2 x 4 HPIS into HL BMTT (GRS) RELAPS/ MOD 1-EUR tion decoupled from secon-

ACCU on at 27 bar dary system cooldown
100 K/h SCS cooldown Potential for reverse SG )

heat transfer
Voiding in SG U-tubes
No core uncovery and no loop
seal clearout

A2-77A Natural circulation and Germany DRUFAN 1 / - 2 g Natural circulatir.n
28.11.84 reflux condenser at BMFT (GRS) and reflux condtnser heat90 and 75 bar (90 bar) transport modes characte-

Power 3.5 % rized as function of primary
France system mass inventory and

CEA secondary system pressure
! (75 bar)
i I

Al-83 10 % CL break LOCA Ge rmany DRUFAN Primary system depressuri-
14.12.84 2x4 HPIS into HL BMFT (GRS) RELAPS/ MOD 1-EUR zation decoupled from secon-

Accu on at 27 bar dary system cooldown
100 X/h SCS cooldown Early voiding of SG U-tubes

and vessel uppermost
elevations
Initial core dryout-rewet
controlled by loop seal
formation and clearout
Second core dryout-rewet
controlled by boiloff and
accumulator ECC injection

381
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s

T*ble it cent.d

Test Design /
M PartnerT " *" " IIDefinition

Dm Country
Calculations

A2-90 A2-90-11 LONOP-ATWS. Ge rsnany ALMOD4 Pressure inervase and fluid
27.03.85 Loss of offsite and BMFT IGRS-KVU) RELAP5/ MOD 1-EUR discharge from primary and ,'

normal-onsite electrical secondary system
P ressurizer insurge-outeurge

power - anticipated
Si heat-transfer degrada- itransient without SCRAM

* * **" E **
ff d wn to secondary Mat uansM

above tube plate and long term plant cool-

A2-90-3: SG secondaries RELAPS/ MOD 1-EUR down .
.

Primary system 1 p, 2 Al
refill and cooldown at

natural circulationa rate of 100 K/h

Al-85 0.4 % Pressurizer break Germany DRUTAN Primary system depressuri-

07.05.85 2 x 4 HPIS into HL BMFT (GRS) zation coupled to secondary

Accu off system cooldown
100 K/h SCS cooldown Pressurizer insurge

Primary system overfeed
No core uncovery and no
loop seal clearout

BL-00 0.4 W CL break LOCA France TRAC SG heat transfer

03.07.85 2 x 4 HPIS into CL CEA RSLAPS/M001-EUR Fluid stratification

Accu on at 41 bar Holdup in hot legs

56 K/h SCS cooldown Primary system overfeed
No cire uncovery and no loop
seal cleardut
Thermal non-equilibrium ,

Al-84 10 % HL break LOCA Ge rsnany DRUFAN Primary system depressuri-

14.10.85 2 x 4 HPIS into HL BMFT (GRS) ration decoupled fr om secon-

Accu on at 27 bar dary system cooldown

100 K/h SCS cooldown Early voidire of SG U-tubes
and vessel uppermost
elevations
No core uncovery and no loop
seal clearout

,

BT-00 BT-00-1: LOTW. England RETRAN Primary and secondary system

30.11.85 Loss of main feedwater CEGB RELAP5/ MOD 1-EUR pressure increase'

SCRAM on low SG 1evel pressurizer insurge-outsurge
SG heat transfer degradation

BT-00-2: LOAF. * ** * *"
Loss of auxiliary feedwater Primary system cooldown

BT-00-3: Bleed and feed of PORV discharge

primary cooling system HPIS inflow and primary |

system inventory recovery

,
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Tcble 1: cont.d

" ** I"Tast Partner* " " * * " '" "'" IIDate Country
Calculations

i
I

! BT-01 BT-01-1: SLB Belgium RELAP5/ MOD 1-EUR Blowdown of affected SG
24.01.86 10 % St eam line break TRACTEBEL Primary system cooldown J

Hot standby . Pressurizer behaviour
u ng an hermal

BT-01-2: PTS scenario
stratification in RPVMMCP off. HPIS on downce ser

BT-01-3: Mitigation Recovery of adequate
of PTS consequences subcooling margin

BL-02 3 % CL break LOCA England RELAPS/ MOD 2 Primary system depressuri-
22.03.86 2 x 4 HPIS into HL CEGB RELAP5/ MOD 1-EUR sation decoupled from secon.

Accu on at 41 bar dary system cooldown
*

56 K/h cooldown Voiding in SG U-tubes and
upper vessel internals ;

Mixing of HPIS and Accu flow
with main loop flow
Condensation, non equ111-
brium at ECC injection
points, no core uncovery
Intact and troken loop seals
clearout

Al-79 1 % CL break LOCA Germany DRUFAN Overfeeding of primary
15.05.86 4 x 4 HPIS into HL BMFT (GRS) cooling system

Accu off Influence of HPIS espacity
100 K/h SCS cooldown on fluid flow distribution

No core uncovery and no
"

loop seal clearout
!

Al-88 0.4 % CL break LOCA Germany DRUFAN Hydraulics Test
11.06.86 2 x 4 HPIS into HL BNFT (CRS) Asymmetry in intact and

Accu off broken loop behaviour
Asymmetric SCS cooldown: Depressucitation rate con-
100 K/h in intact loop trolled by isolated SG !
O K/h in broken loop

'
i
1

J BL-01 5 % CL break LOCA Ge rmany DRUFAN Primary system depressuri-
20.09.86 2 x 4 HPIS into HL GRS-KWU RELAPS/ MOD 1-EUR zation decoupled from secon- i

Accu on at 27 bar dary system cooldown
100 K/h SCS cooldown SG reverse heat transfer

No core uncovery
Intact loop seal clearout
Holdup of fluid in the
vessel upper internals

BC-01 SG Inventory Test - RELAPS/ MOD 1-EUR SGs mass inventory and
18.10.86 recirculation characte-

ristica established as
function of secondary system
downcomer level

s

BC-02 SG Heat Loss Test Characterisation of SGs |
- -

26.11.86 secondary side heat losses )
|

|

|

I<

.
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Trble 1: cont.d

'** ** 8"Test Partner
Definition P re dic tion Phenomenology

Date Country
Calculations

-BL-21- BL-21-1: 0.4 % SCTR Italy RELAPS/ MOD 1-EUR Primary to secondary mass
24.01.87 HPIS off ENEA-Univ. Pisa and energy transfer

"I * '*
BL-21-2: Accident

Behaviour of isolated SC
Recovery Procedure

Core uncovery and dryout
Primary - system depressuri-
zation from top of pressu-
rizer and LCC injection from
Accu system

i

BL-12 1 % CL break ' LOCA France TRAC _ Core uncovery and dryout
19.02.87 HPIS off- CFA RE LAP 5/ MOD 1-EUR at high pressure

' Accu on at 41 bar RELAP5/ MOD 2 Heater rod temperature
No SCS cooldown DRUFAN excursion r

BT-02 BT-01-1: LOAF. France TRAC Primary and secondary system
09.05.87 Loss of all feedwater CEA pressure increase

Safety salves discharge
BT-02-2: Primary system .

6em ransfer degradationFeed and bleed
Pressurizer insurge-outeurge
Loss of heat sink

'

Primary system cooldown '

BT-12 100 % SLB England RETRAN Blowd)wn of affected SG
17.06.87 Orifice limited CECB RE LAP 5/PODI-EUR Separator efficiency and

Hot standby carryover '

Reverse heat transfer in
i isolated SG

Pressuriter outsurge
Thermal asymmetry in primary
cooling system *

Al-91 1 % CL break LOCA Cermany ATHLET Influence of minimum HPIS
26.09.87 1 x 4 HPIS into HL BMFT (CRS) RE LAP 5/ MOD 1-EUR capacity configuration on

Accu off overall system response
100 K/h SCS cooldown . No core uncovery and

! no loop seal clearout

B7-03* BT-OS-1: LOFW-ATWS Italy FASTRAP Pressure ' increast in primary
xx.10.87 Loss of main feedwater ENEA-Univ. Pisa RE LAP 5/ MOD 2 and secondary system safety

- Anticipated transient valves relief capacity
j without SCRAM Pressurizer insurge-outsurre

' * '
BT-03-2: Accident

ass e ec ery procedurerecovery procedure
via depressurization f rom

j pressurizer and Accu
; injection

A1-92* Natural circulation and Cernany Counterpart Test to
xx.11.87 reflux condenser at BMFT (CRS-KWU) PKL-III 2.1 Test

i 80 bar

i

A - Tests from the German Matrix

BL B-Programme LOCA testa-

| BT - B-Programme Transient tests !
! !

* scheduled for execution

i
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T-ble 2: JRC-ISPRA CODE ASSESSMENT TEST MATRIX

Shared Cost Action Progra-tme (1934 - 27)

Test Definition Organisation Code

Al-76 SC Performance CRS-Garching. D DRUFAN

Univ. of Pisa I RELAPS/ MOD 2, CATHARE

Univ. of Bologna, I RELAP5/ MOD 2

A2-81 1 % CL Break LOCA GRS-Carching. D DRUFAN

Univ, of Pisa, I RELAP4, RELAPS/ MOD 2

A2-77A Natural Circulation CRS-Carching. D DRUFAN
and Reflux Condenser

CEN-Crenoble, F CATHARE

Univ. of Pisa, I RELAP5/ MOD 2

Al-81 10 % CL Break LOCA Univ. of Stuttgart, D RELAP5/ MOD 1, RELAPS/ MOD 1-EUR,
RELAPS/ MOD 2, DRUFAN

Univ. of Pisa, I CATHARE

A2-90 LCNOP-ATWS Univ, of Stuttgart, D RELAP5/MODP, DRUFAN

Univ. of Rome I RELAP5/FOD1-EUR

BT-OO LOFV Turin Polytecnic. I RELAPS/ MOD 2

BT-01 SLB (10 %) Univ. of Palermo, I RELAPS/ MOD 1-EUR

B L-01 5 % CL Break LOCA CRS-Carching. D DRUFAN

B-101' 2 x 50 % CL Break LOCA CEN-Crenobl e , F CATHARE

B-302' 2 x 50 % HL Break LOCA CEN-Crenoble, F CATHARE -

* LOBI-MODI tests
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T*ble 3: LOBI-MOD 2 EXPERIMENTAL PROGRAMME:

Test Matrix for 1988 (Statust October 1987)

" ' Remarks |

TSSt Definition .

r

BL-16 0.4 % Cold Les Break LOCA Germany To investigate pressurizing effect

. asymmetric cooldown of SG GRS of isolated SG and depressurisation

secondary side with 100 K/h af ter delayed restart of MCP

. delayed restart of MCP
,

. HPIS on- I

. Accu off

Belgium To represent as close es possible
BL-22 0.4 % SGTR .

TRACTEBEL' a real SGTR scenario and to. initiation, no operator intervention
. depressurization and quellfy proposed plant recovery ,

. c.ooldown with operator intervention proc edure s

BT-04 Cooldown Transient with MCP on France To investigate phenomenologies ;

. asymmetric cooldwon with CEA relevant to post accident

single loop SG 1solated (e.g. SGTR) recovery procedures r

BT-05 Cooldown Transient with MCP off Germany as above '

. asymmetric cooldown with GRS-KWU

single loop SG isolated

Al-87 Cooldown Transient with MCP cf f Germany LOBI-PKL counterpart-complementary r

. natural c'*eulation under BMFT (GRS-KWU) test; to complement PKL III 2.1 i

saturated condition and with test results in the high pressure

steam bubble in upper-head range ( > 40 bar) !

Al-93 SBLOCA test Ge rmany LOBI-PKL counterpart complementary
. HPIS off BMTT (CRS-KWU) test; to verify scaling rationales

adopted in PKL III SBLOCA tests

Al-94 0.4 % SBLOCA Carmany To verify Transient management

. HPIS off BMFT (GRS-KWU) procedurest eff ectiveness of
secondary system cooldown for '
the mitigation of small SBLOCA

'
consequences in absence of HPIS

:
i

BL - B-Programme LOCA tests

B-Programme Transients tests ;PT -

t

!

|

,

!

!

i
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TRAC PF1/ MOD 1 CALCULATIONS AND DATA COMPARISONS FOR MIST SMALL BREAK
LOSS OF COOLANT ACCIDENTS WITH SCALED 10 cm2 2AND 50 cm BREAKS'

by

| J. L. Steiner. D. A. Siebe. and 3. E. Boyack
I
,

Safety Code Development Group
Nuclear Technology and Engineering Division

Los Alamos Nadonal Laboratory
Los Alamos. New Mexico 87545

ABSTRACT

Los Alamos National Laboratory is a participant in the Integral System Test (IST) program initi-
ated in June 1983 for the purpose of providing integral system test data on specific issues / phenomena
relevant to post small-break loss-of-coolant accidents (SBLOCAs), loss of feedwater and other tran-
sients in Babcock & Wilcox (BLW) plant designs. The Multi-Loop Integral System Ter'. (MIST)
facility is the largest single component in the IST program. MIST is a 2x4 (2 hot legs and steam
generators. 4 cold legs and reactor coolant pumps) representation of lowered loop reactor systems of
the B&W design. It is a full-height. full-pressure facility with 1/817 power and volume scaling. Two
other experimental facilities are included in the IST program: test loops at the University of Maryland.
College Park and at Stanford Research Institute. The objective of the IST tests is to generate high-
quality experimental data to be used for assessing thermal hydraulic safety computer codes. Efforts
are underway at Los Alamos to assess TRAC PF1/ MOD 1 against data from each of the IST facilities.

Calculations and data comparisons for TRAC PF1/ MOD 1 assessment have been completed for
two transients run in the MIST facility. These are the MIST nominal test. Test 3109AA. a scaled

2 210 cm SBLOCA and Test 320201, a scaled 50 cm SBLOCA. Only MIST assessment results are
i

presented in this paper.

INTRODUCTION

Los Alamos is currently providing analytical support to the Integral System Test (IST) program: the largest l

part of our analytical efforts involve the use of the TRAC-PF1/ MODI code. There are three applications where TRAC
is, or has been. used as a complement to the Multi-Loop Integral System Test (MIST) experimental program. The
first application is related to test specification or design. During fiscal year 1986. Los Alamos perforrned five MIST
pretest analyses. The five experiments were chosen on the basis of their potential either to approach the facility limits
or to challenge the predictive capability of the TRAC-PF1/ MOD 1 code. Three small-break loss-of-coolant accident

!
(SBLOCA) tests were examined that included nominal test conditions. throttled auxiliary feedwater (AFW) and

!
asymmetric steam generator (SG) cooldown. and reduced high pressure-injection (HPI) capacity respectively. Also j
analyzed were two "feed and-bleed" cooling tests with reduced HPI and delayed HPl initiation. Results of the tests
showed that the MIST facility limits would not be approached in the five tests considered. The second application
is related to test evaluation it is impossible to include all the desired instrumentation in a facility. Constraints of
cost, complexity. space. etc., are rapidly reached if one has sufficient confidence that TRAC will correctly predict
the dominant ter.t phenomena calculations can be used to fillin gaps about quantities that are not measured in the
facility. The third application is related to TRAC assessment. The ability of a thermal hydraulic code to accurately
calculate experimental behavior in scaled facilities is an important link in demonstrating that the code can be used
to predict how an operating pressurized water reactor would perform under accident conditions. During fiscal year
1987. Los Alamos performed two MIST posttest analyses. The two experiments were chosen on the basis of their
potential to challenge the predictive capability of the TRAC code. These tests are identified and briefly discussed in
the following paragraphs

* This work was funded by the US Nuclear Regulatory Commission. Ofhee of Nuclear Regulatory Research.
Division of Accident Evaluation.
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Test 3109AA. MIST test 3109AA was the nominal test for the MIST program. During the early test program.
several repeats of the specified nominal test were run. The test selected for the nominal. Test 3109AA. differs
from the pretest specification for 310000 in the initial pressurizer hquid level and efforts to warm the surge line and

2maintain the pressurizer hquid at saturation until test initiation. The nominal conditions include a scaled 10-cm
cold leg (CL) discharge leak. full HPI and AFW. reactor coolant pumps (RCPs) not available, no noncondensible
gas injection automatic reactor vessel vent valve (RVVV) actuation on differential pressure, automatic guard heater
control. constant steam generator (SG) secondary level control af ter SG rehil. and symmetric SG cooldown.

2Test 320201. This test differed frorn the nominalin that the scaled leak size was increased from 10 cm to
250 cm Other specihed conditions and procedures for the test were the same.
Most experiments scheduled for the first year of operation of the MIST facihty have been completed. Tests

3109AA and 320201 are from test groups 31 and 32 for which formal test reports have been submitted to IST
program participants for review. Data tapes for the posttest analyses of tests 3109AA and 320201 were obtained in ,

a prehminary form prior to the completion of hnal data quahfication by Babcock & Wilcox (B&W). |

CODE VER$lONS I
We used updated versions of the TRAC-PF1/ MODI code (Ref.1). The TRAC PF1/ MODI code was developed

at Los Alamos National Laboratory to provide advanced best estimate predictions of postulated accidents in light-
water reactors. The code features a two-phase, two-fluid nonequilibrium hydrodynamics model with a noncondensible
gas field. flow regime-dependent constitutive equation treatment; either one or three-dimensional treatment of the

,

reactor vessel; complete control systems modeling capabihty: a turbine component model; and a generalized steam- 1

generator component model.
Code versions 12.7 and 14.3 were used for the analysis of tests 3109AA and 320201 respectively. Code

modshcations were necessary for this application. Initiahration of the MIST facihty in natural circulation rather than
pumped flow caused modeling difhculties unique to this facility. An accurate prediction of SG heat transfer distribution
is necessary to correctly predict steady state loop flows and hence initial system pressure and temperatures. Code
and model modifications were necessary to achieve this. These are expected to be applicable only to the MIST facihty
and are used only with the model for it.

PLANT MODEL
Figure 1 is a MIST facihty arrangement drawing. Figures 2 and 3 provide an overview of the TRAC MIST

facility model. The TRAC model of the MIST facility has evolved over a period of time. The model was initially
based on preliminary infortnation prchided in the MIST Facility Specification It has progressed to its present form as
available as built facility information was received from B&W. The model consists of 77 components that have been
subdivided into 251 fluid cells. Only one-dimensional components are used in this model. The model is considered
to be rather hnely noied and is expected to predict the dominant phenomena during MIST experiments.

CALCULATION RESULTS
During analysis of our calculations, we found that many of the predicted phenomena occurred in each of the

calculations. Therefore. we have chosen to provide a detailed description of nominal MIST Test 3109AA and a less
detailed description for the posttest prediction for Test 320201. The discussion in this case focuses on the important
phenomena that differ from those in the nominal case. We note that for each test calculation. at time zero. the
primary was hquid fuH and coolant was being driven by natural circulation.

TEST 3109AA CALCULATION
The TRAC PF1/ MOD 1 posttest calculation for Test 3109AA was performed for the hrst 7000 s of the ex-

periment. During this time period, all of the major phenomena took place and the automatic safety systems and i

emergency operating procedures were activated. At the end of the 7000 s calculational period, the HPI flow exceeded
the leak flow and rehlkng of the primary system was well underway.

Steady State Calculation
The TRAC-PF1/ MOD 1 steady-state calculation for Test 3109AA was performed for 2000 s corresponding to

i
approximately hve loop transients. At the end of the steady state calculation the primary and secondary *ystem
fluid conditions had stabihred within the uncertainties of the measured values.

Transient Calculation '

The observed and calculated thermal hydraulic phenomena and system interactions are discussed in detail in j

this section. The discussion is divided into four transient phases; these phases are defined with refuence to Fig. 4 I

the primary and secondary pressure response. Data is denoted by a dashed hne and calculated values by a solid kne. )
,
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Fig. 4.
Test 3109AA primary and secondary pressures.

A C" as the htst letter in the curve label denotes a calculated value. Phase one, subcooled decompression, covers
the period from the start of the transient to 185 s when the antact. loop hot leg saturates and the depressurization
rate is reduced. Phase two, intermittent circulation, covers the period of continued depressurization. repressurization,
and termination of repressurization from 185 s to 1870 s when natural circulation is terminated in the loops. Phase
three, loop stagnation, covers the period of gradual depressurization from 1875 s to approximately 4000 s when
primary. system rehil begins. Phase four, rehil. extends from the beginning of rehil at 4000 s to the end of the
calculation at 7000 s. A summary of the major events for Test 3109AA is presented in Table 1.

TABLEI
EVENT TABLE FOR TEST 3109AA

Test Calculation
Time M Time (s) Event Description

0.0 00 Start transient-break initiation.
150.0 160.0 Pressurizer level drops to 0.3048 m (1.0 ft), ccee power ramp. HPl

RVVV automatic controlinitiated. RVVV hrst opens. SG secondary
level reset.

115.0 1850 Intac. loop hot leg saturates.
240.0 310 0 Intact loop flow ends.

1575 0 1840.0 intermittent broken-foop flow ends.
4000.0 3400.0 Beginning of rehil.

7000.0 Calculation terminated

|

| 392

;



.. .. . .
- - . - - _ _ _ __ _ - _ - _ .

, Phase One. Subcooled Decompression Phase rne is the first part of the transient from leak initiation until
I the saturation p' essure was reached in the hot legs at 185 s. During phase oric, the fluid in the primary system was

subcooled liquid. and the primary system pressure decreased rapidly as the fiquid expanded due to the leak flow. At
the end of phase one. the primary system depressurization rate was reduced by flashing of the hquid in the hot legs.

At the beginning of the transient. the primary system was in steady state single-phase natural circulation.
The driving force for natural circulation was the density difference between the hot fluid in the hot legs and vessel
and colder fluid in the SG tubes. CLs. and downcomer. The test was initiated at time zero by opening a scaled

210-cm leak in the B1 CL just downstream of the HPl port. This caused an immediate reduction in the calculated
primary system pressure (Fig. 4) and pressurizer level as a result of the flow of liquid through the leak The hquid
initially in the pressurizer was near saturation temperature, and as this liquid was discharged into the intact loop hot
leg it mixed with the hot leg fluid resulting in a higher fluid temperature in the intact loop hot leg relative to the
breken loop hot leg. Since the density of the liquid in the inta(t loop hot leg was thereby reduced, the intact loop
natural-circulation flow increased at the beginning of the transient as shown in Fig. 5. !

The level in the pressurizer drained down to the 0.3048 m (1 ft) level at 150 s in the test and at 160 s in I

the calculation. At these times the following control actions were taken: core power decay was started. HPl flow
was started. the RVVVs were transferred to automatic control. the AFW level control set point was changed from
1.52 m (5 ft) to 9 63 m (31.6 ft). and the abnormal transient operator guidelines ( ATOG) based pressure-controllegic

j

was initiated for the SG secondaries This automated SG secondary pressure control was used to archive modelable |
and reproducable boundary conditions while approximating plant ATOG control. The pressurizer low level trip was '

reached 10 s earlier in the test because of the higher measured lerk flow at the beginning of the transient (Fig. 6).
The effect of the core power decay after the pressurizerlow level trip was toincrease the measured and calculated

primary depressurization rates as shown in Fig. 4. The depressurization rate was high at this time because all of
the primary fluid was still subcooled and expanding because of the leak flow. Also at the time of the low level trip,
the RVVVs were switched from manually closed to automatic control based on differential pressure. Figures 7 and 8
show that the vent valves opened immediately. causing a brief reduction in both loop flows at 150 s in the calculation
and 160 5 in the test. The reduction in tne loop flows was then followed by a recovery in both loops (Figs. 5 and 9)
with the sharpest recovery in the intact loop This increasein the loop flows was a result of the increased AFW flow
(Figs.10 and 11) in response to the AFW set point change at 150 s in the calculation and 160 s in the test. The
loop flows were increased by the AFW flow because the AFW raised the thermal center in the SG; the intact k op
flow was increased more since the pressurizer was still discharging hot fluid into the intact loop at this time.

Figure 5 shows that the increase in the intact loop flow was abruptly terminated at approximately 185 s in
J

both the calculation and the experiment. At this time the primary system pressure (Fig. 4) had decreased to the :
saturation pressure of the intact loop hot leg fluid. Flashing of the hot leg fluid then created a vapor bubble in the
intact loop hot leg U bend (Fig.12) and the 'atural circulation flow in the intact loop was interrupted as shown in
Fig. 5. The intact loop saturation marked the end of phase one at 185 s. Subsequent depressurization of the primary
system was then inhibited by flashing of the fluid in the intact loop hot leg. as shown in Fig. 4. which indictes a
reduction in the measured and calculated primary system depressurization rates at 185 s

Differences between the calculation and the experiment during phase one resulted primarily from the higher
measured leak flow (Fig. 6) This caused a slightly higher depressurization rate (Fig. 4) and an earher occurrence of
the pressurizer low level trip in the test.

Phase Two, Intermittent Circulation. Phase two covers the period of intermittent circulation in the loops
after the first saturation of loop fluid occurs in the intact loop hot leg. During phase two, the natural circulation
flow in each loop was governed by the liquid level in the hot leg in that loop. As the hot leg liquid level receded.
the U-bcod was uncovered and the loop flow was quickly terminated. Also during phase two. the SG AFW and
steam flows responded to the control procedures started during phase one when the pressurizer level decreased to
0.3048 m (1 ft). At the beginning of phase two the AFW was on in both SGs as the levels were being raised to the
9.36 m (31.6 ft) set point. and throughout phase two, the secondary pressures were controlled to a variable set point
based ori ATOG. The ATOG set point is determined from the core exit temperature and the saturation temperatures
corresponding to the SG secondary pressures as described in Ref. 2. Depending on these three temperatures, the

,

4set point pressure may be (1) held constant. (2) reduced by 5.746x10 MPa/s (50 psi /nin) or (3) reduced such |
that the corresponding saturation temperature is reduced by 55.56 K/h (100 F/h). The logic for determining which
of these pressure-control modes is to be used is explained in detailin Ref 2. Phase two extends to 1570 s in the
test and 1870 s in the calculation, when the flow in the broken loop is termirated by the uncovery of the broken loop
hot leg U bend.

After the saturation of the intact loop hot leg fluid at the end of phase one the liquid level in the intact loop
hot leg decreased rapidly (Fig.12) as a result of continued flashing. Figure 5 shows that as a result. the intact loop

|

i

I
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natural circulation flow was terminated by 240 s in the test end 310 s in the calculation and was not reestablished.
Heat transfer in the intact loop SG then ceased because of the loss of natural circuiation in the intact loop. In the
absence of heat transfer from the primary. the intact loop SG secondary pressure decreased from the ATOG set point ,

in both the test (at 240 s) and in the calculation (at 310 s) as shown in Fig. 4. This decrease, caused by the AFW
flow into the intact loop SG (Fig 10). continued until*the level (Fig.13) reached the 9 63 m (316 ft) set point at
565 s in both the test and the calculation and the AFW flow decreased (Fig 10). Af ter the intact loop SG secondary
pressure fell below the ATOG Ot point, the steam flow in the intact loop secondary was terminated (Fig.14) by the
pressure controller.

When the intact loop SG secondary was ref lied to the 9.63-m (31.6-f t) level in the expe iment. the 4W
controller was switched into a constant level control mode and a proportional-integral controller was used to maintain
the SG level at the 9.63-m (31.6 ft) set point. This control mode change affected the AFW flow after the intact loop
SG was refilled at 565 s. Figure 10 shows that after 565 s. the AFW flow was briefly terminated and then restarted
from 300 to 1500 s while the SG level settled in on the 31.6 ft set point. When the AFW was restarted in the
intact loop SG. vapor was present in the primary side of the tubes at the 15.48 m (50.8 ft) MW elevation (Fig.13)
and condensation heat transfer began immediately. This boiler condenser mode (BCM) heat transfer began in both
the test and the cakulation at 565 s resulting in a more rapid primary depressurization (Fig. 4). The BCM was
terminated at 1000 s in both the test and the calculation when the intact-loop SG primary level (Fig.13) increasal
to the AFW elevation and condensation in the primary was terminated.

Without steam flow. AFW flow was not required to maintain the levelin the intact loop SG after the 31.6 ft set
point was achieved and Fig.10 shows that the AFW flow was completely terminated in the intact loop after 1500 s
in both the test and the calculation. The intact loop SG therefore remained inactive after 1500 s while its prsssure
was below the ATOG set point.

The system interactions in the broken loop during phase two were similar to those just described in the intact
loop. However, the timing of events in the broken loop was delayed because the broken loop hot leg fluid was cooler
than the fluid in the intact loop hot leg at the beginning of phase two. Figure 12 shows that the broken-loop hot leg
was maintained hquid full until 1000 s as the intact loop hot leg level receded as a result of local flashing. Beginning#

at approximately 850 s. however, the intact loop level fell at a slower rate as it approached the liquid level in the
primary side of the intact loop SG (Fig.12). With the slower draining in the intact loop hot leg. the broken-loop hot
leg level eventually began to recede at 1000 s as indicated in Fig.12. The natural-circulation flow in the broken loop4

(Fig. 9) then began to decrease rapicly at approximately 1000 5. in both the test and the calculation. in response to
the decrease in the broken loop hot leg level. This reduction of flow in the broken loop had two effects. First, the

i heat transfer in the broken loop SG started to decrease, leading to an increase in the primary system pressure and
'

corresponding decrease in broken loop secondary pressure beginning at 1000 s (Fig 4). Second, the core-outlet flow
was diverted into the upper head and through the RVVVs as shown in Fig 6. The repressurization of the primary
system retarded the flashing in both the intact and broken loop:, and at the same time, flashing increased in the
upper head due to the diverted core outlet flow. As a consequence. both the measured and calculated intact loop
hot-leg levels startsd to increa;e at 1000 s while the vessellevel decreased more rapidly as shown in Figs.12 and 15.

The hnal sequence of events in phase two started at 1000 s with the intact-loop hot leg levels increasing and
i the vessellevels decreasing as described above. The increased rate of upper head voidmg in both the test and the

calculation at 1000 s was sufficient to terminate the reduction in the broken-loop natural-circulation flow (Fig. 9).
which then began to increase. As flashing continued in the upper head, the vessellevel receded, as shown in Fig.15.
and at 1250 5 in the test (1385 s in the calculatica) the RVVV norries were uncovered. As a result, the RVVV flow
began to decrease rapidly at this time and was completely ter.minated at 1150 s in the test and at 1480 s in the
calculation as shown in Figs. 7 and 8. The broken-loop spillover flows (Fig. 9) were sharply increased by the RVVV
closures at these times in both the test and the calculation. Shortly afterward. however, the broken-loop U bend
uncovered (Fig.12) as the primary system continued to dra:n r.nd the natural-circulation flow in the broken bop
started to decrease rapidly. as shown in Fig. 9. The broken loop natural circulation flow then continued to decrease
and was completely interrupted at 1575 s in the test and at 1870 s in the calculation. During this final decrease in
broken loop natural-circulation how. Figs 7 and 8 show that the RVVVs reopened at 1575 s in the test and at 1840 s
in the calculation when the downcomer drained to the RVVV elevation (F;g 16) and remained open thereafter.

During the period when the RVVVs were closed. Fig 9 shows a strong natural-circulation flow in the broken
loop. The effect of this flow was to increase the heat transfer m the broken loop SG and also to mix cold HPl fluid
with hotter fluid in the primary system. As a result, the primary system repressurization which began at 1000 s was
terminated at 1575 s in the test anct 1875 s in the calculation.,

The termination of spillover circulation in the broken loop at 1575 s in the test and 1870 s in the calculation
'

marks the end of phase two Major events durmg phase two occurred shghtly earliecin the test than in the calculation

i
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because of the higherleak flow in the test from test initiation to 1080 s. At the end of phase two. in both the test and
the calculation, the primary system was depressurizing.the broken loop SG secondary pressure was being controlled
to the decreasing ATOG set point, and AFW was controlling the SG level in the broken loop. The intact loop SG
was inauive at the end of phase two since its pressure was below the ATOG set point.

Phase T ..:=, Loop Stagnation. Phase three is the period of stagnated natural-circulation flow in the loops
after the hnal spillcuer in the broken loop. During phase three the primary system was cooled by the leak /HPl feed
and bleed and by AFW in the broken loop SG. The primary-system pressure decreased during phase three as a result
of core power decay and the leak /HPl cooling. Phase three ended at 4000 s in the test and 3400 s in the calculation
when AFW was restarted in the intact loop and the primary system depressuritation rate was increased.

During most of phase three. the primary was cooled by the leak /HPl feed and bleed and by AFW in the broken
loop (Fig.11). mom of the cooling was done by the feed and bleed: at 3000 s. for example. Fig. 6 shows that in
the test. the HPI flow was approximately 0.074 kg/s (0.1628 lb/s) and the leak upstream temperature (Fig.17) was
524.9 K. The energy required to heat this HPl flow to th temperature at the leaksite 72 kW. was greater than the
59 kW core power at this time. In the calculation at 3000 s. the HPl flow was slightly lower (0.0716 kg/s).11 kW
was reeded to heat this flow to the leak upstream temperature in the calculation. and the core power was also 59 kW
at 3000 s. The primary-system pressure decreased during phase three as a result of the decreasing core power and
excess energy removal of the leak /HPl cooling.

At the beginning of phase three, a circulation flow developed in the broken loop CLs in both the test and the
calculation. The CL circulation flow began immediately after the broken-loop U bend spillcuer flow was terminated
at the end of phase two. At this time, fluid from the downcomer was drawn toward the leak tite and the flow in
the B1 CL reversed. The CL circulation flow was then maintained by the density difference between the B1 and 82
CLs resulting from the flow of warmer fluid from the downcomer into the B1 CL. The circulation flow was important
because it affected the leak upstream temperature (Fig.17) in both the test and the calculation.

Figure 17 shows that the broken loop CL circulation flow caused a reduction of approximately 30 K in thc fluid
subcooling upstream of the leak in the test as well as in the calculation. The corresponding reduction in the leak
flow (Fig. 6) at 1930 s in the calculation, however, was larger than the reduction observed in the test at 1660 s. This
difference apparently indicates that the TRAC-PF1/ MODI critical flow model did not properly account for the change
in leak upstream subcooling in the calculation. After the initial decrease in leak fiow at the beginning of phase three.
Figs. 6 and 17 show that the calculated leak flow gradt. ally recovered toward the measured value as the subcooling
increased in the calculation.

The lower calculated leak flow during phase three resulted in a lower depressurization rate in the calculation
(Fig. 4) and slower loop draining (Fig.12). Figure 12 shows that after the broken loop interrupted in the test. the
broken-loop hot leg level remained above the intact loop level and both loeps drained at approximately the same

,

rate. The difference in hot-leg levels resulted from a temperature difference between the intact and broken loop the i
hot leg piping. After the flow in each U bend voided and the loop flow interrupted, the U bend piping temperature |

was maintained by the guard heaters at approximately the saturatica temperature at the time of the interruption.
Since the intact loop interrupted earlier when the saturation temperature was higher. the intact loop U-bend piping
temperature stayed higher after both loops had interrupted. The higher piping temperature created a higher vapor
pressure in the intact loop U bend relative to the broken-loop U bend; and because of this pressure difference, the
intact loop hot leg level remained below the broken-loop hot leg level during phase three.

The same draining behavior, with the higher levelin the broken loop hot leg. occurred in the calculation during
phase three. However, after 2600 s in the calculation the draining in the broken loop was nalted and the leak was then
fed by accelerated draining of the intact loop (Fig.12). This transition at 2600 s in the calculation is currently under |
further study; it appears that a change occurred in the calculation at this time which affected the heat transfer from
the piping to the vapor in one of the U bends. The difference in the observed and calculated hot-leg draining rates
after 2600 s. however, did not cause other calculated parameters to diverge from the measured values. Figures 4. 6.
and 17 show no change in the calculated leak upstream temperature, leak flow, or primary system pressure at 2600 s.

During phase three, the primary and secondary conditions were such that tne ATOG set-point pressure was
approximately equal to the saturation pressure corresponding to a temperature 27.78 k (50 F) below the core-exit
temperature. This is evidenced in Fig. 4, which shows that during phase three, the calculated ATOG pressure
decreased at the same rate as the primary pressure. The difference in the corresponding saturation temperatures
during bis derease was approximately 27.78 K (50 F); Fig 4 shou that the difference between the primary and
ATOG pressures was nearly constant during phase three in tne test and in the calculation.

The SG secondary pressure control is importar t because it affects the AFW flow in each SG. The AFW flow
depends on the pressure control because AFW is used to control the secondary levels: if the secondary pressure is
being reduced then AFW will be required to maintain the secondary level. During phase three, the broken loop AFW
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was on (Fig.11) in both the test and the calculation because the broken loop SG secondary pressure was controlled
to the decreasing ATOG set point (Fig. 4). The intact loop AFW was off (Fig.10), however since the intact loop SG
secondary pressure was below the ATOG set point (Fig. 4), and therefore the intact loop steam flow was controlled
to zero (Fig.14).

Figure 4 show' hat in the test, the intact-loop SG pressure remained constant during phase three when the
AFW and steam flows were off. The calculated intact loop SG pressure, however, increased slightly du ing phase
three. This may have occurred because the steam line heat losses modeled (1.5 kW per steam line) were too low.
The test may have also had other losses, such as leakage of steam through the control valve that contributed to the
stabihty of the econdary pressures that were not modeled The increasein the intact loop SG pressure during phase
three caused the decreasing ATOG set point pressure to oe , ached at 3400 s in the calculation (4000 s in the test)
as shewn in Fig. 4. At these respective times. AFW was restarted in the intact loop leading to BCM which marked
the end of phase three in both the test and the calculation.

Phase Four. Refill. Phase four covers the period from the beginning of the BCM in the intact loop until
the end of the calculation at 7000 s. During phase four, the primary system pressure was reduced by AFW boile;
condenser mode heat transfer in the intact loop SG causing the HPl flow to exceed the leak flow. The calculation
was terminated at 7000 s. since at this time it v.as evident that the point of minimum primary system inventory had

been reached.
At ti.e end of phase three. the ATOG set point pressure decreased to the intact loop SG secondary pressure

(Fig. 4). causing the steam and AFW flows to be restarted in the 'ntact loop at 4000 s in the test and at 3400 s
in the calculation. This caused extensive condensation heat transfer in the primary side of the intact loop SG tubes
since the levelin the tubes was well below the 15.48 m (50.8 f t) AFW injection elevation (Fig.13) at this time. As
a result. the primary to secondary heat transfer in the intact loop SG was increased at these times and the primary
system began to depressurize sc;,6dly in the test and the calculation (Fig. 4).

When the AFW was restarted in the intact loop, the pressure of the vapor inside the SG tubes was reduced by
condensation. The liquid levelin the intact loop SG and hot leg then rose rapidly while the levels in the broken loop
fell. This occurred in both the test and in the calculation, as shown in Fig.12. However, the level in the broken loop

t
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SG (Fig.18) fell below the 15.48 m (50.8-ft) AFW elevation in the test but not in the calculation. Therefore, the
intact loop BCM in the test was immediately followed by a BCM in the broken loop and the overall reduction in the
primary pressure (Fig. 4) was greater in the test than in the calculation.

The effect of the primary system depressurization at 4000 s in the test and 3400 s in the calculation was to
increase the HPl f|ow above the leak flow as shown in Fig. 6 This event marks the beginning of the refill period.
Af ter the start of refill. the levels in the intact and broken loops started to increase as shown in Figs 13 and 18. The
re6tl rate (excess of HPl flow over leak flow) was higher in the test because of the larger BCM depressurization in the
test (Fig. 4). The higher refill rate in the test resulted in correspondingly higher primary system levelincreases after 1

refill t'egan in the test as shown in Figs 6 and 4. The primary system continued to depressurire rapidly in the test I

(Fig. 4) until the SG primaries woe filled above the upper tube sheets (Figs.13 and 18) and the condensation heat i

transfer was terminated at approsimately 5200 s. This event still had not been reached by the end of the calculation |

at 7000 s because of the lower refll rate in the calculation.
The differences between the test and the calculation discussed . cove invched three separate phenomena First,

the critical flow modelin TRAC apparently did not properly account for the changes in the leak upstream temperature.
Consequently. the calculated leak flow and primary depressurization rates were too low during phase three. Second.
the TRAC input model did not include enough heat or steam losses for the secondary side. This allowed the intact-
loop SG to pressurize slightly during phase three in the calculation and thereby reach the ATOG set point too soon.
Phase three was therefore terminated 600 5 early in the calculation. Third, the magnitude of the BCM heat transfer
was apparent'y too low at the beginning of phase four in the calculation. Even though the condensation surface area
and AFW flow during this BCM in the calculation matched the data, the primary system depressurization during the
BCM was too low in the calculation. This then caused a lower refill rate during phase four in the calculation.

The overall comparison of the TRAC PF1/ MOD 1 calculation for Test 3019AA with measured data from the test
was reasonable: this mons that the major trends were predicted correctly in the calculation, although TRAC values
were frecuently outside the range of data uncertainty because of minor code /model deficiencies. With reasonable
agreement correct conclusions will still be reached when the code is used in similar applications.

TEST 320201 CALCULATION
The TRAC PF1/ MOD 1 posttest calculation for Test 320?01 was performed for the 6rst 2800 s of the exF?ti-

ment. During this period, all of the major events occurred and the automatic safety systems and emergency operating
procedures were activated. At the end of the 2800 s calculational period, the HPI and accumulator flows exceeded
the leak flow and rehlling of the primary system was well underway.

Steady State Calculation
The TRAC PF1/ MODI steady state calculation for Test 320201 was also performed for 2000 s (approximately

5 loop transits). At the end of the steady-state calculation. the primary and secondary system fluid conditions had
stabilized within the uncertainties of the measured values.

Transient Cakulation
The comparison of the observed and calculated thermal hydraulic phenomena and system interactions is dis.

2cussed in this sect:on. Test 320201 was exactly like Test 3109AA except that a (scaled) 50-cm leak orifice was
used instead of a 10-cm2 orif ce. The purpose of the test was to investigate the effects of increased leak size on
the SBLOCA behavior. Many of the same phenomena occurred during Test 320201 as occurred in Test 3109AA:
however, the magnitude of the phenomena and the timing of major events were altered by the larger leak size. In the
following discussion, the phenomena are explained in less detail than for Test 3109AA and the emobsis is placed on ;

the analysis of the differences between the calculation and the test. The analysis is somewhat lin&d however, by
the fact that measured mass flow ratea in the loops and downcomer are not available for this test. The discussion

,

I

of this SBLOCA transient is again divided into four phases: these phases are defined with reference to Fig.19, the
primary and secondary pressure response. Phase one. subcooled decompression. covers the period from the start of
the transient to approximately 20 s when the loop hot leg fluid saturated and the depressurization rate was reduced.
Phase two. spillover circulation. covers the period of continued depressurization and brief pressure stabihration from
20 s to 100 s when natural circulation was terminated in the loops. Phase three, loop stagnation, covers the period
of depressurization from 100 s to approximately 1760 s in the test (1650 s in the calculation) when primary system
refill began. Phase four, refill, then extends to the end of the calculation at 2800 5. A summary of the major events
for Test 3109AA is presented in Table ll.

Phase One, Subcocied Decornpression Phase one is the hrst part of the transient from leak initiation until
the saturation pressure was reached in the hot legs at 20 s. During phase one, the fluid in the primary system was i
subcooled liquid. and the primary system pressure decreased rapidly as the liquid expanded as a result of the leak

i
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TABLE 11

EVENT TABLE FOR TEST 20201

Test Calculation
Time (s) Time (s) Event Description

0.0 0.0 start transient break initiation.
20.0 20.0 Hot legs saturate.
40 0 38.0 Pressurizer level drops to 0.3048 m (1.0 ft), core power ramp. HPl RVVV

automatic controlinitiated. RVVV first opens. SG secondary
level reset.

100 0 100.0 Loop flows terminate.
1760 0 1650.0 Beginning of refill.

2800.0 Calculation terminated.

flow. At the end of phase one. the primary-system depressurization rate was reduced by flashing of the liquid in the
hot legs.

At the beginning of the transient, the prima:y system was in steady state single phase natural circulation.
2and the test was initiated at time zero by opening a scaled 50 cm leak in the B1 CL just downstream of the HPl

injection port. This caused a sharp reduction in the primary system pressure (Fig.19) and a rapid increase in the
leak flow (Fig. 20). The leak flow in the experiment exceeded the capacity of the leak flow meter for the first 170 s
(Ref. 3); Fig. 20 indicates a constant measured value of 0 43 kg/s during this period. Figure 21. however, shows
good agreement between the measured and calculated primary-system mass inventories during phase one.
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Phase one was terminated at approximately 20 s in both the test and in the calculation when the saturation
pressure was reached in the hot legs. Figure 19 shows that the primary system depressurization rate was reduced at
this time as a result of flashing in the hot legs. Because of the increased leak size in Test 320201, phase one ended
before the 0.3048 m (1 ft) pressurizer low level trip had occurred in either the test or the calculation.

Phase Two, Spillover Circulation. Phase two covers the brief period of spillover circulation in the loops after
the first saturation of loop fluid occurred in the hot legs. During phase two, the natural circulation flow m each
loop quickly coasted down as the hot. leg levels receded from the U-bends. Also during phase two, the pressurizer
level decreased to 0.3048 m (1 ft) and the control procedures for the core power, SG level and pressure control. and j
RVVVs were reset as described previously. Phase two extends to 100 s. when the flow in each loop was completely
terminated by the uncovery of the hot leg U bends.

After the saturation of the intact loop hot leg fluid at the end of phase one, the liquid levelin the intact loop
hot legs decreased (Fig. 22) because of continued flashing and the loop flows began to subside. In the calculation,
the U bend flows (Fig. 23) were approximately the same during phase two and both decreased to zero at 100 s. |

This same behavior apparently took place in the test, although the measured flows are not available. The AFW was
started at 40 s in the test (38 s in the calculation) on pressuriter low. level trip. Figure 19 shows that after 40 s in
the test, the SG pressures both fell at the same rate due to the AFW flow. The symmetric secondary response to
the AFW flow in the test Junng pSase two indicates that the loop flows were also symmetric in the test. Therefore.
it is concluded that thr spillever flows in the test were in good agreement with the calculated spillever flows.e

When the loop ;iows were interrupted at the end of phase three at 100 s. SG heat transfer was lost and Fig.19
shows that the primary system pressure briefly stabilized in both the test and the calculation. The agreement between
the measured and (alculated primary pressures during phase two is further evidence that the spillcwer loop flows were
calculated correctly.

Phase Three, Loop Stagnation. Phase three is the period of stagnated natural. circulation flow in the loops
after the final spillover in the U bends. During phase three, the primary was depressurized by BCM heat transfer
which began in both loops during the SG refill. Also during phase three. heat transfer in the broken loop SG affected
the draining rate of liquid through the primary side of the broken loop SG. This draining then influenced the leak site
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which began in both loops during the SG rehil. Also during phase three heat transfer in the broken loop SG affected
the draining rate of liquid through the primary side of the broken loop SG. This draining then influenced the leak site
fluid conditicns and the leak flow rate. Phase three ended at 1760 s in the test and 1650 s in the calculation when
AFW was restarted in the intact loop and the primary system depressurization rate was increased

At the beginning of phase there, the SG rehlt which was started on the low level pressuriier trip in phase two,
was stillin progress. Figures 24 and 25 show that in both the test and the calculation the SG primary levels fell
below the 15 48 m (50.8 f t) AFW elevation before the secondaries were rehiled. This occurred at approximately 170 s
in the intact loop and 190 s in the broken loop, At these times condensation (BCM) began in the SG primaries. The
BCM heat transfer was relatively large because of the high AFW flows during the SG refII; Fig.19 shows that the
primary system depressurized rapidly in both the test and the calculation. |

The magnitude of the BCM heat transfer in the calculation was apparently too low in the intact loop. Figure 19 )
shows that after BCM started in the intact loop at 170 s, the calculated secondary pressurein the intact loop continued |
to decrease whereas the measured value briefly increased. Figure 19 also shows that the primary depressurization
rate at this time was too low in the calculation. further evidence of insufhcient primary to secondary heat transfer.
At the same time. Fig. 24 shows that the calculated primary side level was below the measured level in the intact-
loop SG indicating that the condensing surface area at the inner tube surfaces was greater in the calculation. This
indicates that the BCM Seat transfer in the intact loop was underpredicted because the effects of the BCM were less
pronounced in the calculation whrle the condensation surface area available was greater in the calculation.

The BCM during phase three was briefly interrupted at the end of SG refill when the AFW in each loop was
terminated to transfer the AFW controllers to the constant level-control mode as described previously. The duration
of the AFW termination and the subsequent measured AFW flow until the constant SG levels were achieved in the
test were used as boundary conditions in the calculation. Figure 19 shows that when the AFW flow was off from
490 to 575 s. the depressurization rate was reduced in both the test and the calculation. When the AFW flow was
restarted and the BCM resumed at 575 s. the subsequent depressurization (Fig.19) was more rapid in the calculation
because the SG primary levels (Figs. 24 and 25) were lower in the calculation at this time. These levels were lower
in the calculation because the calculated leak flow (Fig. 20) was generally higher than in the test before 575 s and
the primary system inventory (Fig. 21) was bwer in the calculation.

The AFW termination from 490 s to 575 s affected other system parameters both in the test and in the
calculation. Figure 25 shows that when the AFW was off, the liquid receded faster in the broken loop SG primary
because the vapor above was not being cooled by the AFW. The increased liquid flow from the broken loop SG
primary then fed the leak with colde'r fluid causing an increase in the measured and calculated leak flows (Fig. 20)
during this period.

The draining of liquid from the SG primaries was also affected by the primary to-secondary heat transfer after
MW flow was terminated at approximately 1200 s when the 9.63 m (31.6 ft) level set point was achieved (Figs. 24
and 25). The draining behavior after this time differed between the test and the calculation because of differences
between the measured and calculated SG secondary pressures. In the test, the intact loop SG pressure increased at
170 s during the BCM as described above. and af terward, the intact loop SG pressure was higher than the broken loop
SG pressure. Consequently. the saturation temperature difference between the primary and SG secondary was higher
in the broken loop. and there was more heat transfer from the primary to the broken loop SG during phase three
in the test. Since the fluid in the intact loop SG primary had less heat loss to the secondary. f' ashing and draining
occurred faster in the intact loop SG primary in the test, and Fig. 24 shows that the intact loop SG primary drained
faster after 1200 5.

In the calculation. the SG secondary pressures (Fig.19) increased gradually during phase three as a result
of the insufhcient heat or steam losses in the model secondary discussed earlier. The intact loop SG secondary
pressure increased slightly faster than the broken loop because of small differencesin the primary levels and primary-
to-secondary heat transfer. After 1200 s in the calculation, both SG primary levels fell rapidly with the intact loop
SG level falling shghtly The SG prin ary-level decrease was more uniform in the calculation than in the test because
the SG secondary pressures were closer to each other in the calculation. In both the test and the calculation, the
draining of the SG primaries supphed the leak with cold fluid. resulting in increased leak flow after 1200 s (Fig. 20).

Phase three was terminated at 1760 5 in the test and at 1650 s in the calculation when the primary pressure
decreased to the highest SG secondary pressure and the blowdown mode of secondary pressure control was started.
Phase three ended earber in the calculation because of the gradual secondary pressure increase after AFW was
terminated in the calculation, and because the primary system depressurized more rapidly in the calculation after
AFW was restarted at the end of SG refill.

Phase Four, Refill Phase four covers the period beginning with the SG secondary blowdown until the end
of the calculation at 2800 s. BCM heat transfer was reestablished in both SGs at the beginning of phase four; and
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CFT was actuated on low pressure and fluid was discharged from the CFT into the upper downcomer. The calculation
was terminated at 2800 5 because at this time it was evident that the point of minimum primary system inventory
had been surpassed.

Phase four began at 1760 s in the test and 1650 s in the calculation when the primary system pressure (Fig 19)
decreased to the highest SG secondary pressure and the pressure control for both secondaries was switched into the
5.246 x 10-3 MPa/s (50 psi / min) blowdown mode. AFW flow was then restarted in both SG5 to maintain the
secondary level at the 9.63 m (31.6 ft) set point. and BCM heat transfer was reestablished since the SG primary
levels (Figs 24 and 25) were well below the AFW injection elevation. The primary depressurization rates were
incree. sed at these times in the test and tne calculation (Fig.19). ousing the measured and calculated leak flows
to fall below the HPI flows (Fig. 20). The calculated leak flow in Fig. 20 showed oscil!ations: the peaks of these
oscillations corresponded to brief periods when the fluid at the leak site was subcooled. This difference between
the measured and calculated leak flows probably resulted from differences in the CL flows. The integrated leak flow
comparison was reasonable, however as indicated by Fig. 21, whch shows that the calculated refill rate during phase
four compared well with the observed refill rate.

Figures 24 and 25 show that the measured and calculated SG secondary levels decreased from the 9 63 m
(31.6 ft) set point at the beginning of phase four. The level decrease was caused by entrainment of the AFW
liquid by the upward steam flow in the secondaries. The entrainment of the AFW while the secondaries were in
the blowdown mode prevented the AFW from effectively controlling the secondary levels. This three-dimensional
phec.omenon was modeled with one-dimensional components in the calculation. Differences between the magnitude
of the phenomenon the test and in the calculation are difhcult to isolate because the steam flow measurements did
not provide reliable data after the AF# was entrained into the steam knes (Ref. 3).

As the secondary pressures continued to decrease during phase four in the test, the SG blowdown depressur-
iration was limited by the relief capacity of the secondary pressure control valves. Figure 19 shows that when the
secondary pressures decreased below approximately 2.758 MPa (400 psi), the 5.246x 10-3 MPa/s (50 psi / min)
depressurization rate was no longer achieved. This behavior was modeled in the calculation by using the measured
SG depressurization rate for the ATOG set point when the secondary pressure was below 2.758 MPa (400 psi).
Figure 19 shows that the primary pressure followed the decreasing secondary pressures during phase four in both the
test and the calculation.

Figure 26 shows that the CFT was actuated at 1865 s in the test and at 1755 s in the calculation when the
primary system pressure decreased to 4.48 MPa (650 psia). The injection of hquid from the CFT into the upper
downcomer enhanced the refilling of the primary (Fig. 21) which was already in progress at these respective times in
the test and the calculation. The measured and calculated CFT levels were approximately the same since the primary
depressuritation rates were nearly the same below 4 48 MPa (650 psi).

The differences between Test 32('201 and the posttest calculation discussed above were very similar to the
differences noted for Test 3109AA. Again, there was evidence that the BCM heat tretfer wn too low in the
calculation. This difference occurred during phase three in the intact loop SG. Differences between the measured
and calculated leak flows occurred over most of the 3000-5 calculational period. These differences could be caused
by deficiencies in the TRAC PF1/ MODI critical flow model, or by differences in the measured and calculated leak
upstream conditions. To further isolate the cause of the leak flow differences would require measured data for the
leak upstream pressure and the broken loop CL flow rates. The primary system mass inventory comparison, however,
indicates that the integrated leak flow was calculated correctly when the primary pressure was calculated correctly
Finally, the results for Test 320201 also indicate that the secondary heat or steam losses were too low in the TRAC-
PF1/ MOD 1 input model. This shortened the duration of phase three in the calculation. Despite these differences.
the overall comparison of the measured and calculated parameters for Test 320201 was reasonable.

CONCLUSIONS
The comparison of measured and calculated parameters for MIST Tests 3109AA and 320201 has shown that

the physical phenomena which governed the course of these transients were also predicted it. the calculations. The
overall agreement between the tests and the calculations was reasonable: the major trends of the data were predicted
correctly although TR AC values were frequently outside the range of data uncertainty because of minor code /model
deficiencies. With reasonable agreement, vahd conclusions should still be reached if the code is used in similar
applications.

Specihc differences between measured and calculated parameters can be attributed to one of three categories
of factors that can affect the calculated results. First. uncertainty in the data necessary to fully describe the facility
and test operation can lead to uncertainty in the calculated results. Second. approximations in the code input model
such as the resolution of the nodabratica. time step site. or the selection of a one dimensional component vs a
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three-dimensional component can affect calculated parameters. Third, the validity of the correlations and models in
the code may affect the code ca'r.ulations. Befoie conclusions can be drawn from code / data comparisons about the
third category, code correlations and models, factors in the first two categories must be ruled out as possible causes
for the differences between measured and calculated parameters.

Differences between MIST Tests 3109AA and 320201 were caused by factors frore. Each category. Uncertainty
in the secondary heat and steam losses in the MIST facility led to the inaccurate modeling of these losses. The
losses were estimated to be 1.5 kW per steam line, which was not sufficient energy loss. This caused the secondary
pressures in both calculations to increase when the measured remained constant. As a result, the duration of phase
three was too short in each calculation and the phase fe,ur phenomena were shifted forward in time. Since both the2
10-cm calculation and the 50-cm2 calculation were affected. it can be concluded that steam line heat loss modeling
is important for a wide range of SBLOCA leak sizes in the MIST facility. In general. if BCM is calculated to occur at
tne wrong time, the magnitude of the calculated BCM can be affected since the calculated 3G primary levels generally
vary with time This, however, does not appear to be the case for the Test 3109AA and 320201 calculations.

The calculated results for both experiments were found to be very sensitive to the representation of the boundary
conditions in the TRAC PF1/ MOD 1 input model. In order to calculate the BCM phenomena as closely as possible,
it was necessary to input the measured AFW flow for a period of several hundred secc-nds after SG refill. In the
calculation for Test 3109AA. it was found that a subcooled leak flow multiplier of 0.87 was needed to accurately
calculate the subcooled leak flow and phenomena that occurred before BCM.

Correlations and models in the code that cause differences between the test and calculation are often difficult
to identify among the many factors that can affect the calculated parameters. The results of the Test 3109AA
calculation. however, indicated that the TRAC PF1/ MODI critical flow model does not properly account for changes
in upstream subcooling. Conclusions about the critical flow model cannot be drawn from Test 320201 because, with
the higher leak flow, uncertainty in the frictional oressure losses upst4eam of the leak creates uncertahty in the leak
upstream pressure during the test. Finally. the results indicated that the calculated BCM heat transfer was too low
for both experiments. This could be caused by a heat transfer correlation error. SG nodalization that was too coarse,
or by an incorrectly determined flow regime during the calculation.
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The code / data analyses presented herein constitute part of an assessment matrix for the performance of the
TRAC PF1/ MOD 1 code, which will ultimately be used to extrapolate data'from the MIST facility to full sule plant
behavior.
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ABSTRACT

A methodology is developed to evaluate the limitations of the simi-
larity laws currently used for reactor thermal-hydraulics. It is shown that
the currently used similarity laws should be used with caution. On the oth-
er hand, although the scalability of the system simulation code remains to
be investigated, the code is a scaling methodology that has much more
potential than the similarity laws. In the paper, the distortions generated
by scaling laws are called Scaling . Law Qistortions (SLD). It is argued that
the SLD may not be equal to the actually existing Total Distortions (TD).
The difference between the SLD and TD represent the limitatic.ns of the
similarity laws in scaling application. Because in reality the TD cannot be
experimentally obtained, the TD is approximated by employing the system
simulation code calculations. his is because the system simulation code

|
is the only analytical tool that can best simulate a system characterized by
complex cause-and effect interrelationships between flow phenomena,
whereas the similarity laws (based on only a single set of dimensionless
numbers) do not consider these interrelationships. It is shown that an
analysis regarding scaling adequacy based on TD's can at times reverse
the analysis based on SLD's. The vertical hot leg of a B&W type Pressur-
ized Water Reactor is chosen as the demonstration problem. He current
RELAP5/ MOD 2 code is used to calculate the TD's.

I. INTRODUCTION

Over the past two decades of thermal-hydraulic research related to water reactor
safety, two independent approaches for the study of scaling have evolved: the similarity laws
and the system thermal-hydraulic simulation codes. The similarity laws are scaling criteria
which provide direct extrapolation of the small scale test results to the prototype. The simi-
larity laws which have wide influence include those developed by Carbiener[1], Nahavan-
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di[2] and Ishii[3]. Currently, Ishil's similarity laws represent the ' state-of the-art' similari-
ty laws. In general, they are developed on the basis of a single set of similarity parameters
which are derived by non-dimensionalizing the governing mathematical equations at a cho-
sen location of the system. Therefore, they are single values and are known 'a priori'. On the
other hand, the system simulation codes are computer programs which predict the scenario
(trajectory) of a sequence of thermal hydraulic phenomena (events) after some controllable
actions. The computer code incorporates a set of mathematical equations and a large number
of empirical correlations. The ' state-of-the-art' system codes include RELAP5, TRAC, i

RETRAN2 and etc. |
|

Although the similarity laws have been widely used in thermal-hydraulic transient,
their limitations have also been recognized [4.5]. It is understood that the similarity laws
cannot provide a satisfactory and quantitative prediction of the prototypical reactor thermal-
hydraulic transients. That is the case because the similaity laws have a crucial limitation.
They do not consider the complex cause-and-effect inter-relationship of the phenomena
which are govemed by local conditions in a two-phase flow system. The code does consider
this interrelationship since the conditions in one segment of the thermal-hydraulic system
become boundary conditions for the adjoining segments. In.this manner, local conditions
exert an integral influence. Consequently, the code is a promising scaling method which has
the potential for satisfactorily predicting the prototypical reactor thermal-hydraulic tran-
sients.

The above observations lead to the following two questions:
1. What are the limitations of the similarity laws?
2. What is the potential of the system code to predict the complex cause-and-effect

inter relationship of flow phenomena in a two-phase fluid system?

Currently, these two questions have been discussed and analyzed extensively. For
many years, the code assessment program [6,7] has been trying to answer the second ques-
tion. Notwithstanding large efforts, only qualitative measures of accuracy have been pro-
posed [8]. On the other hand, because of the simplicity of the similarity laws (i.e. only a sin-
gle set of dimensionless parameters is needed), they continue to be used[9.10], despite the
already recognized limitations of the similarity laws.

Recently, Larson and Dimenna[Il] attempted to answer the second question (still in
a qualitative manner) by first applying the code to a simplified problem 'for which similitude
criteria can be established' and then examining the code results 'to determine the ability of
the code to preserve the expected scaling relationships for different scales of the same prob-
lem.' The underlying hypothesis of this approach, though it is not stated, is that the similarity
laws are capable of preserving thermal-hydraulic phenomena in a scaled-down system. 'Ihis
hypothesis is questionable.

F

Wang [12] has also investigated this important subject in a quantitative manner. The
distortions (called the ficaling _ Law Ristortions, SLD) are evaluated for four potential sets of
similarity laws. It is then argued that the SLD can not be equal to the actually existing Total
Distortion (TD). The difference between the SLD and TD represent the limitations of the

414

.- . - - - - - - - -



. _ _ _ _ _ ._. _ . . . - . _ . _ _ _ _ . _ __ .. _____- . . _ _ _ _ _

l

similarity laws in scaling application. Because in reality the TD cannot be experimentally
obtained, a methodology is therefore developed to evaluate the TD. The essence of this
methodology is to approximate the TD by employing the system simulation code calcula-
tions, i.e., RELAP5 and TRAC codes. It is shown that an analysis regarding scaling adequa-
cy based on TD's can at times reverse the analysis based on SLD's. Consequently, the cur-

| rently used similarity laws should be used with caution. On the other hand, although the scal-
ability of the system simulation code remains to be investigated, the code is a scaling
methodology that has much more potential than the similarity laws.

In the following sections, the scaling methodology and its relevant concepts proposed
in Reference 12 are presented. A sample problem is used to illustrate the difference between i

the SLD's and TD's. '

II. SCALING CONCEPTS AND METHODOLOGY

In order to perform a systematic mathematical analysis of scaling, it is first necessary
to define a consistent terminology. His includes already familiar concepts and terms with
new shades of meaning to cope with the methodology adopted in this study. The scaling con-
cepts described include:

|
1. Scaling scheme

1.1 Assumption
1.2 Requirement

2. Distortion
2.1 Waling Law distortion (SLD)
2.2 'lotal distonion (TD)

3. Scaling Approach
3.1 Geometric-Scaling approach I

3.2 Pressure-Scaling approach
,

3.3 Combined Scaling approach |

4. Similarity Parameter
4.1 Dimensionless Variable
4.2 Reference Similarity Parameter
4.3 Local Similarity Parameter

A scaling scheme represents a set of similarity laws which, in the literature, are also
called requirements. A scaling scheme includes "Assumptions" and "Requirements". These
two concepts distinguish "controllable" from "uncontrollable" conditions. An "Assumption" is

'
a condition of a dependent variable which is assumed to be true in the model, but which is
beyond our control (e.g. time and local thermodynamic conditions). A "Requirement" is a con-
dition which can be imposed on the model (e.g. geometric scale factors and reference condi-
tions).

"Distortion" is a deviation from "Similarity". Two terms are required to quantify dis-
tortions, nese terms are based upon the distinction of imposed and assumed conditions.
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The Scaling Law Distortion (SLD) is the distonion quantified by the classical single parame-
ter similarity laws. Note, by definition, SLD requires that "Assumptions" defining a scaling
scheme be accurate. He Total Distortion (TD) is the distortion that is present in an actual
scaling situation and thus the "Assumptions" might not be accurate..

An important distinction between the SLD and the TD should be noted. The SLD is
,

evaluated on the basis of fluid conditions which are determined locally and in an isolated'

fashion. He TD can not be evaluated in this manner, since it includes distortions contributed
from phenomena which occur simultaneously in other locations of the flow system (i.e., the :

'

inter-dependent effect). Another way of phrasing it would be: the SLD is evaluated for
boundary conditions which are assumed to be known, the TD neognizes that, in a complex
flow system, boundary conditions for isolated region of the flow system can not be rigorously
established.

1

Note that the distortions evaluated by using a system simulation code can approxi-
mate the TD for actual scaling situation. He system simulation code has the potential for
calculating the non-controllable conditions within a two-phase fluid system, ne currently
used reactor transient scaling approach evaluates distortion which are identical to the defini-
tion of SLD.

Differences of geometry and fluid properties existing between the model and proto-
type define three possible scaling approaches. The Geometric-Scaling approach employs the
Requirement and Assumption that the fluid properties are preserved. Models employing this

'

approach will have aspect ratios different from those of the prototype but will strive to have
identical fluid conditions. This is the conventional full pressure scaling approach in which the
distortions are generated only by the scaled-hardware. In the Pressure-Scaling approach,
the model and the prototype have identical geometric dimensions but different operating con-
ditions. The Combined-Scaling approach, as the name implies, employs both different geome-
try and fluid properties in the model and prototype. The individual distortion resulting either
from the Geometry- or the Pressure scaling approach may compensate or amplify each other
in the Combined-Scaling approach.

A "Similarity Parameter" is a nondimensional product of dimensional variables [13]. In
Ref. [12), it is shown that the Similarity Parameter includes three types of nondimensional
parameters (See Table 1). These are:

The Dimensionless Variable - A Similarity Parameter which is the ratio of a
dependent variable to its reference value

The Reference Similarity Parameter - A Similarity Parameter which contains only
reference variables.

The Local Similarity Parameter - A Similarity Parameter which contains reference
variables as well as coefficients of the constitutive

correlations (i.e. f , f , C , a g, F and etc.).g g D g g

Constitutive correlations are functions of dependent
variables.
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From the above definitions, it follows that since Reference Similarity Parameters can,

| be rigorously specified, they will incorporate only SLD, while other groups can have both
SLD and TD. He goal of a scaling scheme is to achieve similariy of the Dimensionless Vari-
ables by imposing the controllable requirements on the Reference Similarity Parameters. The
similarity of Local Similarity Parameters can only be appmximated as much as possible, how-
ever, cannot be accurately controlled. Mathematically, both the SLD and TD are defined as:

[ Similarity Parameter]*
SLD or TD = - (1)

[ Similarity parameter]P

METIIODOLOGY

The purpose of this study is to demonstrate the significant differences between
1

SLD's and TD's. The approach used includes the following steps:

1. A set of similarity parameters including dimensionless variables, reference and
local similarity parameters are derived. The two-fluid momentum equations used in
the RELAP5/ MOD 2 code are employed for this step

2. A set of scaling laws including ' Assumptions' and ' Requirements' of time,
geometry and thermodynamic conditions are chosen.

3. A range of scaled models and the SLD's are evaluated by assuming the
' Assumptions' are accurate.

4. RELAP5/ MOD 2 models are developed for each of the scaled model.
5. The TD's of the dimensionless variables are quantified for each of the hypothetical

models. His is done by performing RELAP5 calculations for the geometric ,
pressure- and the combined-scaling approaches.

6. The calculated SLD's and TD's are compared.

III. SIMIL ARITY PAR AMETERS

The Similarit: Parameters are derived from the two-fluid continuity and momentum
equations used in the RELAPS/ MOD 2 code, ne two-fluid equations are complex, therefore,
several different forms of Similarity Parameters can be derived. The primary criteria guiding
the derivations are: to reduce the number of constituent variables without loosing physical
information; to introduce those Similarity Parameters which dominate the complex phenome-
na being studied, and to obtain similarity parameters in such a form that contributions of sys-
tem distortion from various constitutive correlations are readily distinguished.

A description of the two-fluid equations and the derivation steps is presented in the
RELAP5/ MOD 2 code manual [14] and Ref. [12] respectively. Table 1 lists the derived Simi-
larity Parameters in three groups.
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Table 1: List of Similarity Panuneters

Similarity Parametere Equations

Phase Change No. (1 - a90)r L90
(NN)Dimensionless Variables v*, p*, c', c' y o

9 9 f fq.

v},a*
Liquid Wall f a o v

vapor inertia No. a 0 v Friction No. 3 f0 f0 f0
q9 qo go

(N e) (F,f) 2 Fg
mo

2 2
Liquid inertia No. *a o v vapor Wall }a o vgo go fo

(Nge) Local Friction No.. yo yo go

y Similarity (F g) 2 F,o20 Parameter

Mixture Froude No. p 9Lo o
Reference (Fra) Interface Drag a Cgg D o" fo#co
Similarity 7 No. (Fid'no
Parameter gy

mo

Slip Ratio h(So) Pressure Drop APo(N )

{ofo
n

Density Rttio h(Cpo) Interface Momentum Tv Lo ygo o
| # Transfer No. -

fo (Ng) F

void Ratio a
(C l -

go go',ooo
*F,=ao o v + o o ggo go go
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The Reference Similarity Parameter includes two phasic Inenia Numbers (Nfm'

Ratio (S ), Density Ratio (Cp0) and Void RatioNgm), Mixture Froude Number (Frm). Slip 0
rm), kinematic (S ) and thermodynamic(Ca0). ney are related to Dynamic (Nfm, Ngm,F 0

(Cp0, Ca0) similarities of the reference conditions of the scaled system. He Phasic Inenia
Numbers are the ratios of a phasic inenia force to the mixture inertia force and characterize
the dynamic response of the two-fluid system. For transient conditions, they represent the
imponant parameters which should be scaled. The Mixture Froude Number takes into
account the effect of gravity. It is the ratio of the gravity force to the mixture inenia force.

The Local Similarity Parameter includes the Phase Change Number (Npch), two Pha-

sic Wall Friction Numbers (F,f, FWE), Interface Drag Number (F ), Pressure Drop Num-id

ber (Npd) and Interface Momentum Transfer Number (N;,). The Phase Change Number is

roughly equal to the void fraction change within a certain flow length. The F,f , F,g and
id ake into account the effects of the liquid, vapor wall friction and the interface dragF t

respeenvely. Hey are equivalent to a correlation-determined factor multiplied by an inenia
number. The correlation-determined factor can be a nonlinear or discontinuous function of the
flow conditions. Thus, these factors can generate substantial distortions. He impact of these
distortioris on the overall two-phase flow system are then determined by their respective

inertia numbers. The Pressure Drop Number (Npd) takes into account the effect of pressure
dro It is not an independent parameter. Rather, it is a function of several similarity parame-

ters. At steady state, Npd can be approximated by a direct summation of F,f, F,g, Frm
and Nim-

IV. SCALING LAWS

Four types of potential scaling schemes are proposed. He definitions are based on
the varying Assumptions or Requirements imposed on a) time and b) fluid property (i.e.,
pressure). They are:

1. The ' Time-Preserving, Propeny-Preserving' scheme (TPPP)
2. The ' Time-Scaled, Propeny-Preserving' scheme (TSPP)
3. The ' Time-Preserving, Propeny Scaled' scheme (TPPS), and
4. The ' Time-Scaled, Property-Scaled' scheme (TSPS).

Table 2 lists the "Assumptions" and "Requirements" employed in the above four
schemes respectively. Note that the characteristics of the two-phase flow system will
change drastically in a "void scaled" model. Therefore, the void fraction should be preserved
for all schemes. In the two-phase flow system, the property of the (saturated) fluid is
defined by two variables: the void fraction and pressure. Since the void fraction is preserved,
the term "Propeny-Scaled" implies that only the pressure is scaled.
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Table 2: Assumptions and Requirements
for Four Scaling Schemes

Similarity Scheme TPPP TSPP TPPS TSPS
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When the concept of geometric similarity is employed, both the length and area scale

factors should be constant at homologous points of the model, i.e., A0 " "' LO = 1. When
the kinematic similarity concept is employed, both the local and reference phasic velocity
scale factors of the two-phase fluid should be constant at homologous points of the model,

'R R R R = m,i.e., v f9 m y g9, y y

To satisfy the dynamic similarity concept, in addition to the kinematic and geometric
similarity, the inventory distribution should be preserved. Thus, both the Density Ratio and
Void ratio have to be preserved. This implies that the "Property-Scaled" schemes cannot
achieve dynamic similarity because, by definition, the Density Ratio is distorted in the
"Property-Scaled" schemes. ' However, it can be argued that at steady stat: the require-
ments of dynamic similarity concept can be relaxed, and thus this shortcoming can be over-
looked.

V. THE SCALING LAW DISTORTIONS

The SLD's of Dimensionless Variables and Reference Similarity Parameters for each
scaling scheme are listed in Table 3 and those of Local Similarity Parameters are presented
in Table 4. They are obtained by assuming that the Assumptions of a scaling scheme are
accurate and by imposing the Requirements on the similarity parameter. Detailed derivations
and the analysis of their trends and magnitudes as functions of flow conditions are referred to

{
Ref. [12). A brief summary of the results are presented here.

The SLD's of all the Dimensionless Variables are equal to 1.0. His implies that by
simply imposing certain scaled boundary conditions on the model the objective of the two-
phase flow scaling can be met (i.e., similarities of the Dimensionless Variables can be
achieved.). However, such a conclusion is not based on the TD's and is therefore premature.

.

The SLD's of Reference Similarity Parameters are generated by known differences
between the model and prototype in the flow geometry and fluid pressure. The SLD's pro-

duced by geometry can be eliminated by reducing the model time scale (i.e., tR = d). That
is done in the two "Time-Scaled" schemes. On the other hand, the SLD's produced by pres-
sure can be eliminated by preserving the fluid pressure at a location. His defines the two

|
"Property- Preserving" schemes. As a result, the "Time-Scaled, Property-Preserving"

|
scheme (TSPP) preserves all of the Reference Similarity Parameters, while the other three I
schemes retait. SLD's.

|

The SLD's of Local Similarity Parameters include factors which are determined by |

constitutive correlations for all four scaling schemes except for the Pressure Drop Number.
These factors include the phasic wall friction factors (f and f ), interface area and drag (a gf g g

and C ) and the vapor generation rate (I'g). In general, their contributions to the SLD's isD
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Table 3: The Scaling Law Distortions of Reference Similarity
Parameters for Four Scaling Schemen
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substantial.

The differences of pressure and geometry existing between the model and prototype

both contribute SLD's to the correlation-determined factors (i.e., f , f , I'g). The "Time-f g
~

Scaled" schemes cannot eliminate the SLD's produced by geometric differences by reducing
the model time scale, although they can eliminate the SLD's for the Reference Similarity
Parameters. The "Property- Preserving" schemes cannot eliminate the correlation-deter- - a

mined SLD's by preserving the model pressure.
'

cs

Consequently, even when the "Assumptions" are accurate, none of the schemes can -

preserve the local Similarity Parameters for any of the four schemes. For the most part,
these SLD's are generated by the correlation-determined factors. They are in fact substan-
tially larger than the SLD's of the Reference Similarity Parameters. A detailed evaluation of
the SLD's presented in Ref. [12] shows that the "Time Preserving, Property-Preserving" .

scheme yields the smallest range of SLD's of Local Similarity Parameters.

VI. SAh1PI,E PROBLENT FOR ANAL,YZING TOTAI, DISTORTION USING Tile
REl, AP5/hf 0D2 CODE ,

The sample problem chosen for this study represents the vertical hot leg of a B&W (
| type Pressurized Water Reactor. The modeled vertical hot leg includes a vertical pipe and an

'

inverted U-bend. This hot leg geometry is an open system which has two boundaries. The
.

major task of the analysis is the determination of the TD of Dimensionless Variable at two

i locations (i.e., the top of the vertical pipe and the exit of the inverted U-bend) while impos-
'

ing the scaled ' Requirements' at the two boundaries (i.e., inlet- and outlet boundary). The
TD's are evaluated on the basis of steady state calculations for the four potential scaling
schemes (i.e., TPPP, TSPP, TPPS and TSPS). The RELAP5/hiOD2 code is used.

The noding scheme employed for the RELAP5/hiOD2 calculations shown in Fig. I
consists of 12 control volumes. It includes the following features: 1. ten ' pipe volumes' >
(PIPE) for the vertical hot leg pipe,2. three ' single volumes' (SNGLVOL) for the inverted U-
bend, 3. two ' pipe volumes' (PIPE) for the downward pipe,4. two ' time-dependent volumer,' (
(Th1DPVOL) for the vessel (source of fluid) and the steam generator (sink of fluid) respec-
tively.

The two ThiDPVOL-volumes are used to simulate a constant source of fluid (vessel)
and a constant sink for the fluid (steam generator) respectively. The fluid conditions in a -

ThiDPVOL are user-specified. The incoming or outgoing fluid is determined by the difference .

in the pressure between the ThiDPVOL and the adjacent volume.
.

In the calculations, the reference pressure and void fraction of a system are specified
in the source-ThiDPVOL. A reference fluid velocity at the inlet of the pipe is determined by
the difference in pressure between the source- an.! sink-volumes. Therefore, one pressure is
specified m the sink-Th1DPVOL in order to obtain a reference liquid velocity at the inlet of

.a4
'
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the vertical pipe. For a reference pressure in the source-TMDPVOL, several reference liquid
velocities are obtained. The void fraction in the sink-TMDPVOL is always specified as 1.0
(pure steam).

The reference pressures in the models are taken to be 20 Bar, for the prototype, two
sets of calculations are performed at 20 and 60 Bar. The reference void fraction is 0.2. The ref-
crence liquid velocities are varied from 0.5 to 14 m/s.

One prototype and three models are chosen. The pmtotype represents the vertical hot
leg of the Three-Mile-Island (TMI) nuclear power plant, ne height is 14 m and the diameter
is 0.9 m. The volumes are scaled by a factor of 1/500 for all the three models. He models
thus differ in their aspect ratios. The TL Model represents the ' thinnest' and ' longest' (full-

length) model hot leg ((IJD)R = 22.36). The LN Model rept:sents a model closest to the lin-
early-scaled model ((IJD)R = 2.0) and the FS model represents the ' fattest' and 'shortcst'
model ((IJD)R=0.25). F;;ure 2 illustrates the geometrical scales of the prototype and these
three scaled-down models. Table 5 summarizes the geometrical dimensions of the prototype

and three models.

VII.TIIE TOT AL DISTORTIONS

The TD's are evaluated using the following equation on the basis ofits definition:

Similarity Parameter
for a model Calculated
by the RELAP5 code

(2)TD =-
Similarity Parameter
f or the prototype
Calculated by the

RELAP5 code atvPg

At a homologaus reference liquid velocity of the prototype (vP), the TD is equal tof0

the ratio of the calcuhted Similarity Parameter for the model to that of the corresponding pro-
totype. The homologous reference liquid velocity for the prototype is determined by a scaling
scheme; that is,

vPf0 * V m/U

where A=1 for the ' Time-Preserving' Schemes,

=E f r the ' Time Scaled' Schemes.0

J
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Table 5: Georetric Scales for the
Prototype and Three Mrdels

|
|

Prototype Model TL Model LN Model FS |

|

L (a) 13.86 13.86 2.772 0.693

D (m) 0.9 0.04 0.09 0.18

L/D 15.4 346.5 30.8 3.85
__

(L/D)R 1.0 22.36 2.0 0.25
.

LR (A) 1.0 1.0 0.2 0.05

i

|

b; Surmary of Various Scaling ApproachesTable

Scaling Pressure- Geometric-Scaling
Approach 3caling Approach

Apprcach

Model Prot.(20 Bar) Model TL Model LN.FS
. . . .

Prototype Prot.(60 Bar) Prot,(20 Bar) Prot. ( 20 Bar)

Dominating Liquid Liquid Liquid
Mechanism Flashing Flashing Flashing

|

Key Vapor Dendity Aspect Ratio iParameter -higher it. the
!Proto. ( 20 Bar) '

Wall Friction Elevation
-larger in -lower in .

Model TL Model LN,FS

Dimension- Higher in the Higher in the Higher in th*
1ess Prot.(20 Bar) Model TL Prot.(20 Bar)

Variables
.

System *1 >1 < 1
Distortion '

__

Coscined-
Scaling

,Approach Amplifying

)

Compensating
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The magnitude of TD's is illustrated by using the dimensionless liquid velocity (v() l

as an example. Figure 3 shows three monotonically increasing vf curves which are calculat-

ed at the tg f he vertical pipe (V-TOP): De dotted curve represents the v['as a functiont

of reference liquid velocities for the prototype operating at 20 Bar. De two solid curves rep-

resent the vf for the TL and LN models plotted against a shifted velocity scale, i.e., vP |g=
vgj q,m

It is seen that these three v[ curves are incirasing monotonically. His implies that,

an increase of the inlet liquid velocity produces an amplified increase of the liquid velocity at
V-TOP. The higher liquid velocity at V-Top is caused by vapor generation in' the vertical
pipe. A larger vapor generation rate produces a larger void fraction and, thus, a smaller liquid

volume fraction. For steady-state conditions the liquid volumetric flow rate (ot vf) is approxi-f
mately constant, therefore, the smaller liquid volume fraction induces a higher liquid velocity.
Vapor generation occurs primarily because the liquid flashes as pressure is reduced. The liq-
uid flashing is governed by the depressurization rate and the fluid thermodynamic properties.,

When the depressurization rate is larger, the degree of superheat of the liquid is higher and
'

consequently, more liquid flashes. Oa the other hand, a larger depressurization rate is
caused by a higher inkt liquid velocity. Herefore, when the liquid inlet velocity is higher, the
acceleration of the liquid is larger as well.

In Fig 3, the v[ of the TL model is shown to have higher values than for the prototype

which in turn is higher than that of the LN model. This observation can also be explained by
the mecht.nism discussed above. The thin and long model (TL) produces a larger depres-
surization rate than the pmtotype due to a higher wall friction effect; whereas the linearly-
scaled model (LN) generates a smaller depressurization rate than the prototype due to a
lower elevation.

"

The effect af scaled-properties is analyzed in Fig 4 which shows the vf for the Proto-
type at 20 (dot. 2 curve) and 60 Bar (solid curve). It is seen that at 60 Bar the curve is sub-
stantially lower. This is also predominantly caused by the liquid flashing mechanism. At the
two prototypical pressures (20 and 60 Bar), most parameters are similar except for the vapor

:
density. He vapor d:nsity at 20 Bar is smaller than that at 60 Bar by a factor of three. The

|
,

larger vapor void at 20 Bar produced by the flashing of an equivalent amount of liquid then |
j induces a higher v[.

j Consequently, as shown in Fig 5, the TD's resulting from the TL model and the Pres-
sure-scaling approach are similar and larger than 1.0. On the other hand, the TD's resulting

j from the LN model are predominantly smaller than 1.0. De corresponding SLD's are also
; shown in Fig 5 for comparison. They are very close to 1.0 for the entire range and thus are
'

much smaller than the TD's.

l
i
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The effect of combining both scaling approaches can be analyzed by comparing the v/

curves for the LN and TL models at 20 Bar (Fig 3) with those for the Prototype at 60 Bar
(Fig 4). The v[ curve for the LN model at 20 Bar is close to the one for the Prototype at 60

Bar. On the other hand, the v( curve for TL model is much higher than that for the Prototype |

at 60 Bar. Consequently, when both scaling approaches combine, the TD's of the LN model ]
are smaller than those obtained by the individual scaling approach. In fact, for most of the I

vPfD range, the TD's are confined within 10% (i.e.1.0 < TD < l.1) (See Fig 6). On the other
hand, the TD's of the TL model is higher using the combined scaling approach than those for
the individual scaling approaches.

Table 6 summaries the dominating mechanisms and the key parameters which deter-
mine the TD's for various scaling approaches. For the geometric-scaling approach, the

aspect ratio (IJD)3 exerts a decisive influence on the functional dependence of TD's. A mod-
el (i.e., TL model) having a high aspect ratio (substantially larger than 1.0) has an elevation'

close to that of the prototype and a pipe diameter considerably smaller than that of the proto-
type. The gravitational pressure drop occurring in the model is close to that for the proto-
type, but the wall frictional pressure drop is larger. Accordingly, the model has a larger pres-
sure gradient and the flowing Guid experiences more depressurization than is the case for the
prototype. On the other hand, if a model (i.e., LN model) has a low aspect ratio (close to 1.0
or smaller than 1.0), the gravitational pressme drop is low (considerably lower than that of
the prototype) and since the diameter is relatively large (close to that of the prototype), fric-
tional pressure drop cannot compensate the difference. Hence, fluid in the model experiences
a smaller depressurization than it does in the prototype.

The stronger depressurization effect observed in the TL model produces more flashing
of liquid and, thus, generates a bigger vapor void in the pipe. Under the steady-state condi-
tions, the higher vapor void produces faster fluid velocities. Consequently, the TD's of the
dimensionless velocities and void ratio are larger than 1.0. On the other hand, the TD's
associated with the LN model are smaller than 1.0.

To sum up: for a 0 = 0.2, the Total Distortions generated by:g

1. the pressure-scaling approach > 1.0
2. the geometric-scaling approach

associated with the TL model > 1.0
associated with the LN & FS model < l.0

When a combined-scaling approach is used, the flashing of liquid in the geometric- '

scaling approach for the LN model compensates that in the pressure-scaling approach. On
the other hand, for the TL model, the liquid flashing in the geometric-scaling appmach ampli- ;

fies that in the pressure-scaling approach. These con-lusions are different from those
obtained from SLD's analysis.

,

4 32

. - -



|

|

VIII. CONCLUSIONS

The most important conclusion obtained in this study is that the SLD's cannot be
equal to the TD's. In fact, the analyses of SLD's and TD's can lead to different results. It is
shown that, an analysis based only on SLD's leads to the conclusion that the geometric-
scaling approach produces more accurate results. IIowever the analysis of the actually occur-
ring distortions (the TD's), shows that the combined-scaling approach is preferable. This
can be attributed to the fact that the SLD does not (,but TD does) consider the complex
cause-and-effect inter-relationship of flow phenomena within the flow system. Therefore,
the currently used similarity method should be used with caution. On the other hand,
although the scalability of the system simulation code needs to be investigated, the code is a
scaling methodology which has much more potential than the similarity laws. This conclu- I

sion is based on the analysis of an open system (i.e. the vertical hot leg of a B&W type |
Pressurized Water Reactor) and it is a reasonable speculation that the same conclusion will
hold for a closed system.

The analysis of the SLD's indicates that different scaling schemes may be required in
order to preserve different similarity parameters. For example, judged on the basis of the i

Reference Similarity Parameters, the ' Time-scaled, Property-preserving' (TSPP) scheme is I
preferable to the other three schemes. On the other hand, in terms of the Local Similarity
Parameters, the ' Time preserving, Property-preserving' (TPPP) scheme is favored. Thus,
the choice of an appropriate scaling scheme requires engineering judgement. This of course is
a qualitative judgment ar.:1 cannot provide the actual scaling distortions.

The analysis of the TD's indicates that the distortions resulting from the scaled-hard-
ware may oe amplified or compensated by those generated by different operating conditions
in the model. Futhermore, the compensating or amplifying effect can be large. Consequently,
models having different aspect ratios may need different scaling schemes to produce the 1

least TD's. For example, when a ' thin-and-long' model is used, the ' Property-preserving'
schemes are preferable. When a ' fat-and-snott' or a ' linearly-scaled' model is used, the
Property-scaled' scheme are favored. L general, when a ' linearly-scaled' model and the
' Property-scaled' schemes are both uso, the generated TD's are the smallest among all the

,

scaling approaches. |
|

NOMENCLATURE

ag Interf? cia! area concentration, (m-l)
g

2A Flow cross sectional area (m )
C Interfacial drag coefficientD
C Void Ratioc40
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Density RatioCp0
D Diameter (m)
f Liquid wall friction factorf
f Vapor wall friction factor ;

g
F Interface drag number |

id |
F Mixture froude numberrm

F ,f Liquid wall friction number

F Vapor wall friction numberwg
FS Fat-and-shon model

'

2
g Gravitational constant (m / s )
LN Linear-scaled model
N Liquid inenia numberfm
N Vaporinenia numbergm
N Interface momentum transfer numberim |,
N Phase change number

pch

: P Pressure -.

| SLD Scaling Law Distortion
S Slip ratio
TD Total Distonion
t Time
TL Thin-and long Model
TPPP Time preserving, property-preserving scheme

!TSPP Time-scaled, propeny-preserving scheme
TPPS Time-preserving, propeny scaled scheme
TSPS Time-scaled, property scaled scheme ,

;

U EXIT The exit of the invened U-bend |'

V-TOP The top of the vertical pipe t

vg Phasic liquid velocity (m/s)

v Phasic vapor velocity (m/s)
g

>

x x coordinate
,

GREEK
cx Void fraction

-

g

ct, Liquid volume fraction

A Length scale factor
3

p Vapor density (kg/m )
g

3
pg Liquid density (kg/m )

t Time scale factor
~

< .

!
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SUPERSCRIPT
m Model
p Prototype
R Ratio of model value ;0 pmtotype value j
' Dimensionless variable |

SUBSCRIPT
0 Reference value
f Liquid phase
g Vapor phase
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THE RESULTS OF 0 5% PWR SMALL BREAK LOCA TESTS IN ROSA-IV

LSTF BREAK LOCATION PARAMETER TEST SERIES

X. Tasaka, Y. Kukita, H. Kumamaru, T. Yonomoto
M. Suzuki and Y. Koizumi

Japan Atomic Energy Research Institute
Tokai, Ibaraki, 319-11 Japan

fABSTRACT

The effect; of break location on a PWR small-break LOCA with
failure of the high pressure injection (HPI) system were studied
experimentally using the Large Scale Test Facility of the ROSA-IV
Program. The LSTF is a 1/48 volumetrically-scaled simulator of a
Westinghouse-type 4-loop (3423 MWt) PWR. Five tests vere conducted
for a break area of 0 5% of the volumetrically-scaled PWR cold leg .

cross-sectional area (equivalent approximately to a 2-in. diameter i

break in a PWR). In these tests the break was located at the
pressure vessel lover plenum, cold leg, hot leg, pressure vessel

,

upper head, and the top of the pressurizer. HPI and the auxiliary
feedvater vere assumed unavailable. In all of these tests the core !
vas uncovered and heated up at a primary pressure higher than the
secondary pressure. The heatup was terminated when the core level ,

was recovered by initiating HPI manually. The break location had a
significant influence on the time available before the initiation of ,

the core uncovery. {
\

'

| I. INTRODUCTION

The ROSA-IV Program of the Japan Atomic Energy Research Institute
(JAERI) is conducting large-scale integral experiments on

small-break loss-of-coolant accidents (SBLOCAs) and transients in a ,

pressurized water reactor (PWR) using the Large Scale Test Facility
(LSTF) located at the JAERI Tokai Research Establishment. The LSTF
(1) is a 1/48 olumetrically-scaled simulator of a
Westinghouse-type 4-loop (3423 MWt) PWR.

This paper presents results from five LSTF tests which investigated
the effects of break location on a SPLOCA vith failure of the high
pressure injection (HPI) system. These tests were conducted for a
break area of 0.5% of the 1/48-scaled PWR cold leg cross-sectional
area (equivalent approximately to a 2-in. diameter break in a
PWR). The break vas located at the pressure vessel lover plenum
(SB-PV-01), cold leg (SB-CL-11), hot leg (SB-HL-03), pressure vessel
upper head (SB-PV-02) and the top of the pressurizer ( AT-SB-03).

:

HPI and the auxiliary feedvater were assumed unavailable, but HPI
was turned on manually when a core temperature excursion was
detected.
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II. CHA11CTERISTICS OF SBLOCA WITHOUT HPI

Slov dept ?ssurization of the primary system is one of the
characteristic features of a SBLOCA. The system mass and energy
balance determines the depressurization rate, and this is dependent
on the mass and ener6y release rate out of the break, the core power
6eneration rate, the primary-to-secondary heat transfer rate at the
steam generators, the emergency core coolant flow rates and i
temperature, etc.

For relatively-large small breaks the primary depressurization vill
be fairly fast, and a crossover of the primary and secondary
pressures may occur early in the transient. For instance, in the 5%
break tests conducted so far in the LSTF, this crossover of
pressures occurred as soon as the break became uncovered and the
break flow turned to vapor or high quality two phase flov (2).
Hovever, for smaller cmall breaks, the energy release out of the
break may be insufficient, even af+.er vapor discharge initiates, to
cause the primary system to deprensurize without cooling by the
secondary system. T'us, if HPI should fail following such a
smaller small break, the primary pressure vill remain higher than
che accumulator injection pressure (typically 4.5 MPa) until late
in the transient. Meanwhile the primary coolant continue to
decraase, and it is likely that core ucovery initiates at a
relatively high primary pressure.

It is of interest to define the minimum break area required to
depressurize the primary system below the secondary pressure (about
8 MPa) vithout HPI, and tne minimum area required to depressurize
the primary system below the accumulator injection pressure (4 5
MPa) without either HPI or cooling by the secondary system. These
break areas can be calculated from the balance between the vapor
generation in the core and the vapor discharge out of the break.
The calculated break areas at e shown in Fig. 1, in percentage of
the cold leg flov area, as a function of core power. These values
were calculated for a break flow qut'.ity of unity (pure vapor
discharge) and a discharge coefficient of 0.6.

Also shown in this figure aro the timings of core heatup initiation
recoraed in the LSTF no-HPI i.ests which have been conducted for
various break locations and break areas. These data points do not
include either those temporary core heatups which vere caused by a
core level depression during the loop seal clearing phase in |e,

cold-leg break tests, or caused by condensation depressurization
"

following the accumulator iojection. Tne observations in these
tests, summarized in the following paragraph, are consistent with
the energy balance calculation results shown in Fig. 1.

Figure 1 shows core heatup 2 nitiation timings for two 5% break !tests, three 2 5% break testa, one 1.3% break test and five 0 5%
i

break tests. The 5% break tests (2) were conducted for a cold leg !

horizontal break. In these tests the core started to uncover at
primary pressures of about $ MPa, i.e. , shortly before the
accumulator injection pressure was reached. Thus the core heatup !

vas terminated soon, as the accumulator initiated, without reaching j
exessively high temperatures. A no-HPI $% break test was conducted '
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also for a hot leg break (2). however, this test indicated only
minimal core temperature excursions before the accumulator
injection initiated. The 2 5% break tests were conducted for cold
leg breaks with different break orientations (upward, downward and
horizontal). In these tests the core became uncovered at a primarty
pressure of about 6 5 MPa irrespective of the break orientation.
The heater rod temperature reached the 900 K setpoint temperature
of the core protection circuit before the accumulator injection
started and thus the core power was tripped off. The 1 3% break
test was conducted for a pressurizer top break. The core became
uncovered in this test at a primary pressure of 7 5 MPa, shortly
after the crossover of the primary and secondary pressures had
occurred. HPI was initiated manually in this test to quench the
core by recovering the water level. Finally, in the 0 5% break

;tests, which were conducted for five different break locations, the
core started to uncover at primary pressures higher than the
secondary pressure irrespective of the break lucation.

In summary, these test results show that there is a bounding break
area of about 1% belov vhich the core starts to uncover, if HPI is
unavailable, at a primary pressure higher than the secondary
pressure.

III. TEST FACILITY

The LSTF (1) is a 1/48 volumetrically-scaled simulator of a
Westinghouse-type 4-loop (3423 MVt) PWR. The schematic view of theLSTF is shown in Fig. 2 and its design characteristics are
summarized in Table 1. The LSTF represents the four loops of the
reference PWR vith two equal-volume loops each one containing an
active steam generator and a pump. The elevations of the major,

components are preserved full-scale to simulate the natural
circulation phenomena peculiar to SBLOCAs and transients. The hot
legs and cold legs are sized to conserve the volume scaling (2/48)
and the ratio of the length to the square root of the diameter,
L/[D, to simulate the flow regime transitions in the horizontal
legs.

; The LSTF represents the reference PVH bypasses at the upper head'

spray nozzles (UHSN) and at the hot les nozzle leakage (HLNL). The
UHSN bypass is simulated by nozzles connecting the upper head to
the upper downcomer. The reference PWR nozzle geometry is
preserved approximately and the total nozzle area is scaled by
scaling the number of the nozzles. The HLNL bypass is simulated by
a piping which connects each hot leg to the downcomer. During the

i steady state UHSN allows a bypass flov of about 0.3% of the core
. flow. The HLNL bypass area can be changed by adjusting the valve
i flow area in the line, and was set for the present tests to allov

0.1% bypass flov for each loop. In addition to these simulated
bypasses, there existed unintended leakage between the top of the
upper plenum and the downcomer. The flow through this leakage
during the steady state is estimated to be about 0.1% of the core
flov.

IV. TEST CONDITIONS

All the tests, except the presurizer top break test, AT-SB-03, were
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conducted for the same break area of 0 5%. The break area for Run
AT-SB-03 vas 0.43%. The break was simulated using a sharp edged
orifice in all the tests. The break locations .are shown in Fig.

3

All the tests were conducted for the same boundary conditions
except that the core power decay curve used for Run AT-SB-03
provided less power to the core than in other four tests for the i

first 400 seconds after the scram. These core power curves are j

shown in Fig. 4

All the tests were started from the same initial conditions which
included the reference PWR nominal operating pressure (15 5 MPa) and
hot leg and cold leg fluid temperatures (598 and 562 K). Since the
maximum core power available ir the LSTF is limited at 10 MW, ,

which is 14% of the volumetrically-scaled PWR rated power, because
of the power supply limitations, the above fluid temperatures vere
obtained by operating the facility at a core flow rate of 14% of the
scaled PVR flow rate. The primary-to-secondary heat transfer rate -

also needed to be limited +.o 14% of the scaled value to obtain a
steady state with 14% core power. Since the steam generator heat
transfer areas are scaled volumetrically, this was done by
operating the secondary system at a higher pressure (7 3 MPa) than t

the reference PWR secondary pressure of 6.2 MPa.

The tests were initiated by opening a valve at the simulated break.
Then the primary pressure started to decrease. At a pressurizer ;

'pressure of 12 97 MPa the scram signal was generated. This signal
closed the steam valves and the feedvater valves on the steam
generator, initiated the simulated core power decay, and also
initiated the pump coastdown.

V. TEST RESULTS

V.1 Break Location Effect; :' Integrated Break Flov

Figure 5 compares integrated break flow rates measured in the
present tests. These vere calculated from the level rise in a tank .

vhere the break flov vas injected into suocooled water to condense
the vapor. This measurement was unavailable for the pressurizer
break test, AT-SB-03 In each experiment the break flow rate
decreased with time, as the upstream break condition changed from
subcooled liquid to two-phase, and then to single-phase vapor.

i These break flow quality transitions are seen in Fig. 5 as i

inflections in the increase of the integrated break flov vith time.
The primary pressure was maintained slightly above the secondary |
pressure for most of the period shown in this figure, and affected '

the break flov only during the initial depressurization phase which
ended at about 500 s and af ter HPI was initiated manually which
caused the primary system to depressurize.

This figure indicates that the break flow rate and the break flow i'

quality were strongly dependent on the break location. The general '

; tendency vas, as expected, that the increase ir. the break flow
quality, i e. , the decrease in the break flow rate, occurred earlier i

for breaks located at higher elevation in the primary system. This
,

is reasonable because in these tests the draining of the primary
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|
system was controlled by the gravity. The primary system emptied '

from the higher portions to the lover. However, analyses of the
test results have indicated that the break upstream conditions in
each test vere affected by complicated phenomena which may not be
predicted easily by existing LOCA thermal-hydraulic computer
codes. The analyses were done using the computer codes
RELAPS/ MOD 2, CATHARE-1 and TRAC-PFl/MODl, and were not always
successful in predicting the core heatup initiation timings, )
particularly for the tests in which two-phase discharge continued. I

Such disagreement between the experimental and analytical results
occurred since the predictive ability of these codes (either some or
a]' of them) was unsatisfactory in several areas, for instance, the
st 'coled and saturated critical flov at the break orifice, the
interactions between the mixture level and the break flov (the |
liquid entrainment and vapor pu11through phenomena) and the '

countercurrent flow limiting (CCFL) phenomena at various locations
in the primary system. The timings of major events in these tests
are listed in Table 2.

V.2 Lover Plenum Break Test (SB-PV-01) i

In this test the break vas located on the vessel vall 0.626 m above
the bottom of the lover plenum. The break orientation was
horizontal.

Figure 6 shows the primary and secondary pressures during this |
test. Af ter the steam and feedvater valves were closed by the I

scram signal, the secondary pressure cycled between the atmospheric
relief val;e opening and closing setpoints of 8.2 and 7 8 MPa, |

respectively, as long as there was heat transfer from the primary
to the seccndary systems. The primary pressure closely followed
this variation of the secondary pressure, except during the first
400 s into the transient, as shown in this figure. The difference
between the primary and secondary pressures (i.e. , the temperature
difference between the primary and secondary systems af ter the ,

primary system saturated) decreased as the core power decayed and I

the core was uncovered following the primary mass inventory
|

decrease.
|

The natural circulation ceased in this test at about 800 s. I

Thereafter, only intermittent flows occurred in the loops. The I

flow occurred when the secondary pressure dropped as the relief
valve opened as shown in Fig. 6. The steam generator U-tubes and
plenums became empty of liquid at about 1200 s.

Figure 7 shown the major transient parameters during this test.
The top of the core started to uncover at 1h90 s. Shortly after
this, the primary pressure became lover than the secondary pressure
at 1550 s (Fig. 6) when the break flow was still single-phase
liquid. This occurred because the core uncovery progressed rapidly
causing s sharp decrease in the core vapor generation rate.

The break flow remained single phase liquid until af ter the core
becama entirely uncovered. The core uncovery initiated earliest of
the five tests (1490 s) because of the largest break flow rates (Fig. |
5). The entire core was uncovered within about 160 s af ter the |

incipient core uncovery, and then the level penetrated into tre |

I
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lover plenum as shown in Fig. 7 j

lHPI was initiated manually at 1670 s. At this time the peak rod
3

cladding temperature had reached 820 K. The HPI flow rates
represented the volumetrically-scaled reference PWR injection rate.
Both two HPI pumps in the PWR vere assumed to be operative.
However, the inititation of HPI did not cause the vessel level to
recover immediately, and the level stayed at the elevation of the
path between the lover plenum and the downcomer as shown in Fig.
7

The coolant distribution immediately after the HPI initiation is
shown schematically in Fig. 8 A large vapor space had formed in
the cold legs and the downcomer before HPI was started. This vapor
space formed because the fluid in these regions saturated and
flashed as the primary. pressure started to decrease after the core
uncovery initiation (Fig. 6). This vapor space vas isolated from
the hot leg / upper plenum vapor space by loop seals in the crossover
legs and by the water in the lover plenum. Therefore, when HPI
injected cold vater into' the cold legs, condensation of vapor caused
a depressurization in the cold legs and the downcomer. This
depressurization tended to retard the increase of the vessel riser-
level until the loop seals cleared.

It is also important to note that the break flov was still single
phase and was c;mparable to the HPI flow rate. This large break
flov rate slowed the accumulation in the vessel bottom of the
accumulator water which drained from the cold legs into the
downcomer.

V.3 Cold Leg treak Test (SB-CL-11)

In this test the break vas located at the cold leg of the loop
vithout the pressurizer (Loop B). The break orientation was
horizontal. The break orifice was located in a horizontal branch
piping which was about 440 mm in length and 87 mm in diameter.

The major transient parameters during this test are shown in Fig.
9 In this test the break flow became two-phase at about 900 a
(Fig. 5) when liquid level formed in the cold legs. This occurred
approximately at the rame time as the natural circulation in the
primary loops ceased. The mixture level in the cold legs formed as
vapor entered the cold legs from the upper plenum through the
bypasses. driven by the pressure difference across the bypasses.
During this phase of the transient, the UHSN bypass was still
covered by liquid in the upper head, and thus the vapor enetred the
cold legs only threugh the simulated HLNL bypasses. During the
two phase discharge the vapor component of the break flow halanced
with this bypass flow. Since the effective (uncovered) bypass area
in this test was relatively small (corresponding to a steady-state
bypass flov of 0 3% of the core flow rate), the break flow quality
was relatively small. The cold leg mixture level was maintained at I

about the cold les centerline elevation where the bresk was
located.

The bypasses have a large influence on the two-phase break flow and
the cold leg behavior. Different cold .'eg behavior may occur when

|
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the bypass areas are larger. For instance, in.the Semiscale
Experiment S-NH-1 which was conducted for a UHSN bypass of 316%,
the bypass uncovered early in the transient and this caused the
cold leg level to drop. Consequently, the loop seals did not clear
in Experiment S-NH-1 (3).

The break flov became single-phase vapor in Run SB-CL-11 as the
loop seals cleared at 1880 s. The loop seals cleared in both the
broken and intact loops at the same time. The level behavior in
the two loops was symmetrical until the loop seal clearing as shown
in Fig. 9, however, the intact loop was sealed again by vater

,

immediately af ter the clearing whereas the broken loop remained
cleared. ;

During the loop seal clearing the core level was depressed by a
differential pressure which developed between the upper plenum and
the downcomer. The core level was determined by the static head
balance in the lover portions of the primary system as shown in
Fig. 10a. The steam generators were empty of liquid at this time
and did not contribute to the static head balance in the primary
system. The core was uncovered shortly until this differential
pressure was relieved by the completion of loop seal clearing.

The loss of coolant continued thereafter due to vapor discharge
through the break (Fig. 10b), and resulted in a second core '

!uncovery, which started at 2180 s and continued until the core level
recovered after HPI was initiated manually at 2540 s.

This second core uncovery was promoted by a development of
differential pressure in the broken loop crossover les due to ;

accumulation of water in this region. This water came from the
steam generator primary side (U-tube downflow side in the broken
loop steam generator) where condensation of vapor continued as the i

primary pressure remained higher than the secondary pressure. This |
accumulated vater formed a column of two phase' mixture in the pump

'

suction (upflov) side of the broken loop crossover leg, through
4

which the vapor entered the broken cold leg and reached the break.
This situation is shown schematically in Fig. 10c. The
differential pressure caused by this water accumulstion can be seen
in the upper trace in Fig. 11, the differential pressure between
the upper plenum and the downcomer, and is clearly responsible for
the core level drop after 2180 s.

The rate of condensate accumulation in the crossover leg should be
,

dependent on the heat transfer rate in the broken loop steam
generator. Then this heat transfer rate may be affected by the i

differences among the secondary side pressures of the steam j
igenerators, because at this stage of the transient the

primary-to-secondary pressure diffe.mnce is very small. For th-
present test, Run SB-CL-11, the steam generator pressures suggest
that the heat transfer rate in the broken loop steam generator was
smaller than that in the intact loop steam generator. This i

occurred because there was slight difference between the relief |,

valve opening setpoints for the two steam generators. However, the
condensate accumulation had an important influence on the core

,

: uncovery. Thus the present test results may have an interesting

| implication related to the use of the steam-and-feed procedure for |
,

2
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depressurisation of the primary system; if the broken loop steam
-

,

generator is used fcr this procedure, the heat transfer rate in this
steam generator vill increase and thus the increase of the crossover ,

leg differential pressure vill be accelerated.

HPI was initiated manually at 2540 s, and then the core level
recovered quickly.

V.4 Hot Leg Break Test (SB-HL-03)
,

*

The break in this test was located at the Loop B hot leg. The
break orientation was horizontal. The break orifice was mounted
flush to the inner vall of,the hot les piping. Thus the break ;

7 '

geometry was different from that in the cold leg break test,
SB-CL-11.

'

This test was conducted very recently, and no qualified data vere
available at the writing of this paper. However, preliminary data
indicate that large break flow (i.e. , discharge of liquid or
low quality two-phase) continued for about 1600 s, almost- as long
as that in the cold leg break test, SB-CL-11, as shown in Fig. 5
The core started to uncover at about 2400 s, again almost at the
same timing as in the cold leg break test. ;

V.5 Upper Head Break Test (SB-PV-02)
,'
I

The major transient parameters and typical coolant distribution
during this tests are shown in Figs. 12 and 13 respectively. The !

,

flow out of the break, located at the top of the pressure vessel t

(Fig. 13) became two phase early in the transient (170 s), however,
,

it remained two-phase for a relatively long period, until it became
single phase vapor at 2500 s (Fig. 5). This long duration of

.

'two-phase discharge occurred since liquid was held up in the upper
head as long as the holes on the control rod guide tubes (CRGTs),
located slightly above the upper core plate, were covered by
two phase mixture in the upper plenum (Fig. 13). The break flov
was two phase probably because two-phase mixture entered CRGTs ,

from the upper plenum. In addition to this, it is probable that :

vapor entered the upper head also frcm the upper downcomer through
the UHSN bypast,es. Conduction probe signals indicated that a
mixture level formed in the upper downcomer. This may have
occurred since the vapor entered the downcomer from the upper jt

plenum through the HLNL bypasses. Thus, it is likely that for this i

break location the break flow quality was highly dependent on the (
1 pressure differences between the upper head, the upper plenom and

the downcomer.

! The upper plenum level dropped to the CRGT hole elevation at 2180 s
(Fig. 12), and the holes vere uncovered at about 2500 s. The break
flov vas vapor af ter this point and the pressure vessel level;

! continued to decrease due to boiloff.
I The core became uncovered at 3460 s and HPI was initiated manually ,

'

at 3930 s. The injection of cold vater from HPI resulted in a
,

j temporary depressurizntion in the col.d leg, and this caused a core
level depression as shown in Fig. 12, however, the core level <

recoverd quickly and mixture covered the entire core. !*

i
'
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V.6 Pressurizer PORV Break Test (AT-SB-03)

This test (h) simulated a SBLOCA caused by a stuck-oper power
operated relier valve (PORV) on the pressurizer. The break area
(0.43%) vas scaled to the PORV flow area in the reference PWR, and
thus was different from that in the other four tests. Liquid

,

holdup in the pressurizer, as occurred in the Three-Mile Island Unit
2 (TMI-2) accident, was observed in this test (Figs. 14 and 15).
Because of this liquid holdup, the break, located at the top of the
presurizer, continued to be covered by two phase mixture. The
break vas uncovered at 4300 s, as the surge line inlet in the hot
leg was uncovered, before the initiation of core uncovery at 5510

After HPI was initiated manually at 6600 s, the core levels.

indicated a temporary depression as in the upper head break test.

VI. CONCLUDING REMARKS

Core uncovery was observed in all of the five 0.5% break test
conducted in the LSTP for different break locations with an assumed i
failure of HPI. In all the tests the core uncovery initiated at a
primary pressure higher than the secondary pressure.

The change of break flow quality with time was dependent on the
break location. This resulted in significant differences in the
primary mass decrease rate and thus in the core uncovery timings. |

The coolant distribution at the initiation of core uncovery was
different between the cold leg break test and other four tests. In 1

the cold leg break test, the first core uncovery occurred during the |loop seal clearing, however, in the other four tests core uncovery i

Initiated before the Joop seal clearing.
I

Continued core uncovery, irrecoverable without initiation of HPI or
some other appropriate operator actions, occurred af ter the
initiation of vapor discharge from the break in all the test except
the lover plenum break test.

When the core uncovery occurred, the cold legs were empty or nearly
empty of liquid in all the tests, and there was loop seals in the
crossover leg except for the cold leg break test. Thus when HPI was
initiated manually in these tests, after the detection of core
temperature excursion, condensation depressurization occurred in the
cold legs and this retarded the recovery of the core level.
However, generally the core was quenched quickly after HPI vas
initiated.

|

I
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|
Table 1 LSTF Design Characteristics

,

'

LSTF PWR PWR/LSTF

Pressure (MPa) 16 16 1 i

Temperature (K) 598 598 1

No. of fuel rods 1064 52952 48

core height (m) 3.66 3.66 1

3Fluid volume V (m ) 7.23 347 48

Core power P (MW) 10 3423(t) 342

3P/V (MW/m ) 1.4 9.9 7.1

Core inlet flow (t/s) 0.0488 16.7 342

Downcomer gap (m) 0.053 0.260 4 91

Bot leg D (m) 0.207 0.737 3.56

L (m) 3.69 6.99 1.89

L/6 (mS) 8.15 8.15 1.0

[Dt (,3) 0.124 2.98 24.0
2

,

No. of loops 2 4 2

No. of tubes in steam generator 141 3382 24

Length of steam generator,

tube (average) (m) 20.2 20.2 1.0

i !

I

i

i
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!Table 2 Chronology of Major Events

s

Test ID SB-PV-0L SB-CL-11 SB-PV-02 AT-SB-03

Break Location Lower Plenum Cold Leg Upper Head Pressurizer PORV

i

C!ironology of Events
,

E
Break flow becomes two phase 900 s 170 s ?

Break flow becomes vapor 1880 s 2180 s 4300 s

Core uncovery starts 1490 s 1880, 2180 s 3520 s 5510 s

11P1 is . initiated manually 1670 s 2540 s 3930 s 6600 s
>

_
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CORE LIQUID LEVEL DEPRESSION IN 5% SMALL BREAK LOCAS:
AN INVESTIGATION USING SUBSCALE DATAa

b cR.R. Schultz,F.g. Motley,H.Stgmpfe,J. C. Watkins , and Y. S. Chon !

ABSTRACT '

Core heatup has been shown to be possible, during the
course of small break loss-of-coolant accidents (SBLOCAs), |

even when sufficient inventory is present to fully cover the
rods with a two-phase mixture. Such behavior occurs when !

steam, trapped between the loop seal and the core inventory,
moves coolant out of the core barrel region and uncovers the
rod upper elevations. The net result is core liquid leval
depression.

Core liquid level depression and subsequent core heatups
are investigated using subscale data from the ROSA-IV
Program's 1/48-scale Large Scale Test Facility (LSTF) and the

I

1/1705-scale Semiscale facility. The depression phenomena
and factors which influence the minimum core level are 1

described and illustrated using examples from the data. '

Analyses conducted using the TRAC-PFl/ MODI version 12.7
thermal hydraulic code are also described and summarized.

INTRODUCTION

Several subscale experiments conducted over the past few years have
uemonstrated that core uncovery and heatup can occur during a small break
loss-of-coolant accident (SBLOCA), even when suffic%nt vessel liquid|

'

inventory is available to completely cover the core with a two-phase
|

mixture level. Such a situation was observed when simulating 5% cold leg
SBLOCAs in two Westinghouse (W) plant simulators: the Semiscale facility |

(1/1705-scale) and the Japan Atomic Energy Research Institute's (JAERI)
1/48-scale large Scale Test Facility (LSTF). Core uncovery occurred,
prior to 300 s in the transient, when steam generated by core decay power, |
flashing, and metal mass stored energy, expanded against vessel and loop '

liquid inventory while enroute to the simulated cold leg break, Core
liquid inventory was moved out of the core shroud region (core liquid |

level depression) into the vessel lower plenum and downcomer regions by
the expanding steam. As the core heater rods uncovered subsequent heatup
occurred. The core heatup was mitigated when steam moved through the loop

a. Work supported by the U.S. Nuclear Regulatory Commission, Office of
Nuclear Regulatory Research under DOE Contract No. DE-AC07-761001570.
Note: The data contained herein, from the ROSA-IV Program, were provided
by the Japan Atomic Energy Research Institute (JAERI).
b. EG&G Idaho, Inc., Idaho National Engineering 1.aboratory (INEL).
c. Los Alamos National Laboratory (LANL).
d. United States Nuclear Regulatory Commission (USNRC).
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seal and reached the breax. During the subsequsnt depressurization, the
vessel liquid inventory flowed back into the core shroud volume.

The following subsections describe the major factors contributing to
core liquid level depressian and the subsequent core heatup. To support
the description of the core liquid level depression 5,equence, data from
two LSTF experiments are described in some detail. Finally, the ability

of the USNRC's TRAC-PFl/ MODI thermal-hydraulic analysis code to calculate
core liquid level depression phenomena is briefly summarized by comparing
code calculations to data from four experiments. The following
subsections are organized as follows:

1. The subscale facilities are briefly described. ;

2. The 5% SBLOCA experiments are summarized.

3. The SBLOCA behavior in general and the core liquid level.
depression behavior in particular are discussed in detail. Data
from two of the LSTF experiments are used to support the
described behavior. Finally, factors which influence the core
liquid level behavior are described and results from parametric
changes are compared.

4. The overall results of code assessment calculations of the above
experiments are presented and discussed. The calculations were
done using the TRAC-PFl/M001 version 12.7 code.

5. Conclusions and observations are summarized.

EXPERIMENTAL FACILITV DESCRIPTIONS

The two facilities which are compared herein, are different from one
another not only from a scaling perspective, but also in other ways as
well. The LSTF and Semiscale facilities are each described briefly in the
following paragraphs to establish the discussion basis for the remairder
of the paper.

Larae Scale Test Facility

The LSTF is a nonnuciear model of a W four loop pressurized water
reactor (PWR) such as the Trojan plant (hereinafter called the reference ,

PWR). The LSTF was designed to simulate SOLOCAs (up to 10%) and
operational transients. The LSTF has two equally sized loops (see Fig.1)
that differ only in the possible break geometries and in the presence of a
pressurizer in one of the loops. Each loop contains all the components of
the reference plant. The hot and cold legs wore scaled based on LW
where L is the piping length and 0 the piping diameter, to properly
simulate flow regime transition. Each LSTF steam generator (SG)
represents two SGs in the reference PWR and has 141 full-sized U-tubes, 1

Six of the U-tubes in each SG are fully i 'trumented and can be used to !
'

analyze the system behavior. Of the instrumented U-tubes, two each are
representative of the short, medium and long SG U-tube lengths of the
reference plant. The vessel, built with internal downcomers aria housing
1064 electrical heater rods (simulating 17 x 17 rod bundles), also models

.
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the various reference PWR vessel {
,

Q Q- 1eakagegaths. The primary volume |
8 1 smu.d cao 8 is 8.2 m and the standardj " W '*"' ""'d operational primary conditions are

M, a; g,g
, ,

f- g 15.6 MPa and 600 K. The LSTF cang
operate at a maximum power of only> acs am,

.,

q |i L'ME",,,, | 10 MW, i.e.14% of rated scaleo7

j t power.

f h I
j! | Semiscale Test Facility

-

' "
The Semiscale (sponsored by the

3 { 3 USNRC through the Department of
* ' ' Energy) Mod-2C configuration is a

d[- [ small-scale non-nuclear model of the[ 4s

5 A reference PWR. The scaling basis is |
i

|
-y5 a modified volume scaling using a |

,

scaling factor of 1/1705. The2
relative elevations and sizes of thed facility components and the dynamicr91. 1. posA tv tcre. sco. Test rocaty (tsTr)L pressure heads around the loop

are maintained as prototypiegl as practical. The primary coolant volume of
the facility is about 0.21 m , and the design operating pressure and ;temperature are 15.2 MPa and 600 K. The facility consists of a pressure !
vessel housing the simulated reactor core, a pressurizer, and two primary !

coolant loops each containing an active steam generator and a primary
coolant pump. The vessel downcomer is an external pipe. The reactor core
was simulated with a 5 x 5 array of electrically heated rods. Support
plates, guide tubes, support columns, and an annular input plenum are also
simulated in the Mod-2C vessel. The "intact" loop represents three PWR
loops, and the "broken" loop represents the remaining PWR loop. The steam
generators are inverted U-tube and shell boilers. The intact loop steam
generator has six inverted U-tubes paired into three representative
heights. The broken loop generator has two inverted U-tubes corresponding
to the longest and the shortest tubes in the intact loop generator.

SBLOCA EXPERIMENT DESCRIPTIONS |

Three experiments were conducted in the LSTF to examine the core liquid ;level depression phenomenon, i.e., SB-CL-05, -08, and -10. Of these, iSB-CL-10 was a LSTF counterpart experiment to the Semiscale LH-1
i

experiment. The three LSTF experiments and the Semiscale experiment were 5%
SBLOCAs that were simulated by opening break valves in the cold leg at the
beginning of the test. The programmed initial and boundary conditions were
as listed in Table 1. All the experiments were initiated with typical
reference PWR primary thermodynamic conditions. However, the experiments
differed in the upper head bypass flow and the core decay power curve.

The SB CL-05 experiment, originally scheduled to be done with only a
0.5% bypass, was found to have 2.3% bypass since unanticipated leakage paths
were located in the pressure vessel upper head and plentm. Consequently,
following repair, SB-CL 08 was conducted with the same initial conditions as
SB-CL 05, but with a greatly reduced upper head bypass flow, i.e., 0.3%.
Later, the SB-CL-10 experiment was conducted as a counterpart test to the
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Semiscale-LH-1 experiment to provide a means of comparing the scale
differences between the two facilities. SB-CL-10 had 0.5% upper head bypass i

I(Note: Due to thermal fatigue, the weld repairs to the vessel upper head
between SB-CL-05 and -08 had partially failed such that the upper head
leakage increased by the time SB-CL-10 was conducted.) and the Semiscale
LH 1 test had 0.9% bypass, i

A significant difference between the three LSTF experiments was in the
core power decay curves. JAERI defined a power dgcay curve early in the
ROSA-IV Program based on conservative assumptions including the
contribution of neutron fission power (see Table 2). The JAERI power decay
curve gives markedly hrger ore decay power during the first 300s of SBLOCA
transients (exactly the period of time when core liquid level depression
occurs during a 5% SBLOCA) than the Semiscale power decay curve. However,

2the Semiscale power decay curve was based on the 1979 American Nuclear
Society's decay heat curve for an equilibrium core plus the core typical
stored energy and is thus more representative of the reference PWR decay
power.

Test Procedures - LSTF

All of the LSTF tests compared herein were conducted in a similar
manner. Since the LSTF is only capable of maintaining 14% of rated scaled
core power at steady-state initial conditions, the coolant pumps and the
secondary system conditions were changed accordingly. Thus, the pumps were
operated to deliver 14% of rated scaled primary mass flow and the secondary
system pressure was held at 7.4 MPa (Note: The normal reference PWR
condition is 5.7 MPa.) to limit the primary to secondary energy transfer
rate to 14% of the rated scaled value. Immediately after the transient
began, the coolant pumps were accelerated to their maximum speed to deliver
approximately 30% of rated scaled mass flow such that the primary to
secondary energy transfer was increased as much as possible to approach the
reference PWR behavior. Thereafter, equipment tripped on or off at the
conditions listed in Table 3 A summary of the test procedures is given in

3the SB-CL-10 Quick Look Note . A summary of the hardware design
4requirements and compromises is given in the LSTF System Description .

Test Procedures - Semiscale

The Semiscale facility had power and pump capabilities sufficient to
simulate 100% rated scaled conditions in a reference PWR. However, the
facility surface area to volume ratio was so large that the facility had
uncharacteristically large system power losseu. Consequently, "guard"
heaters attached to the outer facility walls were used throughout the
experiment to compensate for system heat losses.

Trips used to switch equipment on or off are summarized in Table 3. A

more detailed description of the facility characteristics and operational
charac ristics are given in the Semiscale LH-1 experimental results
report
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Table 1 - 5% SBLOCA Experiments: Initial and Boundary Conditions.

LSTF Semiscale
| Parameter SB-CL-05 SB-CL-08 SB-CL-10 S-LH-1

Primary pressure (MPa) 15.6 15.4 15.5 l

Cold leg fluid temp (K) 565. 565. 562.1

Core temperature rise (K) 34, 35.4 37.8

Total primary mass flow (kg/s) 49.3 48.8 9.48
!

Total bypass flow (%)2 2.3 0.3 0.9

3Power decay curve JPD JPD SPD

1. Intact loop values g'iven.
2. Percent of total mass flow rate.
3. JPD - JAERI power decay; SPD - Semiscale power decay - see Table 2.

Table 2 - Comparison of JAERI and Semiscale Power Decay Curves

Semiscal
byJAERIgusedTime (si l 2 Semiscale2MERl

0. 0.14 0.14 1.00

15.4 0.14 0.143 1.00

19.6 0.14 0.13 1.003

20.0 0.14 0.13 0.99

40.0 0.1393 0.063 0.056

60.0 0.12 0.043 0.041 |

80.0 0.10 0.036 0.037
!

100.0 0.086 0.033 0.035

150.0 0.059 0.030 0.032

200.0 0.044 0.029 0.032

300.0 0.034 0.027 0.030

1. Time after break.
2. Normalized power, i.e., (Core power)/(Rated scaled power).
3. Beginning of power decrease.

)
.
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SBLOCA transients, with the initial and boundary conditions described in
the previous sections, can be summarized as consisting of nine important
event groups (see Ref. 6 - Section 4.2), as outlined in Table 4. It should
be noted thtt the Table 4 event group timings overlap in some cases.

The following four subsections discuss the first 300s of 5% cold leg
SBLOCAs in the LSTF and Semiscale. The first subsection outlines the events
occurring in the LSTF SB-CL-10 experiment to serve as an example of such
transients. The next subsection addresses the core liquid level depression
observed during SB-CL-10 exclusively. The third subsection discusses
parameters which affect core depression, especially those which exacerbate

|

Table 3 - Equipment Trips and Setpoints:ILSTF and SemiscaleFirst 300s of Transient

LSTF Semiscale
Parameter SB-CL-05 SB-CL-08 .SB CL-10 S-LH-1

Reactor scram 2 12.97MPa 12.97MPa 12.6MPa 12.6MPa+4.6s

3Initiation of pump coastdown at reactor scram
4High pressure injection None 12.6MPa+27.s

Main feedwater termination Scram +28.s Scram 12.6MPa

Auxiliary feed initiation Scram +28.s None None

Main steam valve closure Scram Scram 12.6MPa

6Secondary relief valve
Open - 1st cycle 8.03MPa 8.03MPa Not used
Close 7.82MPa 7.82MPa
Open - Subsequent cycles 8.03MPa 8.03MPa

1. All listed pressures are in the pressurizer unless otherwise noted.
2. Scram occurred at pressure indicated plus time delay if listed.
3. The coolant pump coastdowns were the same for SB-CL-05 and -08. The
coolant pump coastdown used in SB-CL-10 was programed to match that of
Semiscale LH-1.
4. High pressure charging pump trip signal given at 12 s after 12.27 MPa
reached. Safety injection pump trip signal given at 17 s after 12.27 MPa
reached.
S. High pressure injection signal generated 25 s after scram.
6. Reference pressure in secondary.

.

468



_ .. . _ . . -. __ _ ._. _ _

|

| Table 4 - SBLOCA Scenario: Important Events

j Event !
| Group Descriotion of Event Groun i

1. Break initiation and the resulting coolant discharge.

2. Rapid depressurization of the primary coolant system until flashing
occurs, and subsequent decreases in the primary depressurization
rate as core flashing / boiling occurs and the break coolant
discharge becomes two-phase.

3. Rapid decrease in pressurizer water level, continued core inventory
flashing, and development of steam volumes in the upper core region
and vessel top.

4. Change in character of primary to secondary energy exchance. Such
behavior is caused by isolation of the secondary due to closure of

|

the turbine stop valve and the incidence of a two phase primary ;
4

mixture entering the steam generator's (SG) U-tubes. A continuous i

vapor phase at the top of the SG U-tubes is established.
|

5. Initiation of high pressure (HP) emergency core cooling (ECC)
system injection, stabilization cf the primary pressure at a
relatively high level, e.g., 8 MP , and the beginning of core
uncovery.

6. Core liquid level depression and loop seal clearing. '

i7. Following loop seal clearing and a subsequent increase in the core '

liquid level, an increased primary depressurization rate occurs.
During this ' phase of the transient, the primary pressure may
decrease to a value less than the secondary pressure.

8. The core remains well-cooled, i.e., submerged, by either a single
cr two-phase mixture level until core boil-off begins, with the ,

possible exception of the core liquid level depression phase (see
!items 6 and 7). '

h9. Dogsjble Core heatup phase resulting from primary inventory ;boil-off. Whether boil-off results in core heatup is tied to the i

system's depressurization and the ECC system's characteristics.

2

,

t

,

469

!
. _ - . - _ - _



. .

\

core uncovery and heatup. Finally, the results are summarized. Although
the overall behavior of the SBLOCA transient for the first 300s will be
briefly discussed, i.e., items 1 through 8 - Table 4, the discussion focuses '

on items 6 through 8, i.e., core liquid level depres:lon, subsequent core,

heatup, and loop seal clearing.

The 5% SBLOCA Transient: The First 300s

i

NOTE: The discussion concerning the SB-CL-10 experiment is JAERI
PROPRIETARY until JAERI has first published their initial results.
After theIr publication, please contact R. R. Schultz for complete
copies of the text.

,

L

4

,

t
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Factors Exacerbatino Core Deoression

| Data from three other experiments were also examined to gain insight
into the factors which worsen core depression, i.e., give a lower core
liquid level during the loop seal clearing phase of the SBLOCA transient.
The ~other tests are briefly compared in Table 1 and will be discussed
individually in the following paragraphs.

SB-CL-08 Experiment 9

The major difference between the SB-CL-08 arid -10 experiments was the
core power decay boundary condition. CL-08 was conducted using the JAERI
power decay while CL-10 used the Semiscale power decay (see Table 2). Thus,
during most of the transient, CL-08 had at least twice the core decay power
that was input to CL-10.

The SB-CL-08 transient followed the same sequence of events observed in !
CL-10 and outlined in Table 4. However, the time of each event was ;

earlier. As summarized in Fig. 8, the loop seal clearing phase of the'

i

transient began at 106 s, the minimum core level was reached at 138 s and |
the loop seal clearing phase was completed at 216 s.

An important difference between the CL-08 and -10 experiments was in the
net core steaming rates. Because of the larger power in CL-08, the vapor
fluxes at the SG U-tubes were such that the countercurrent liquid flux was
probably in the CCFL or flooding mode prior to the minimum core level time
(see Fig. 7). Consequently, when the loop seal clearing phase of the
transient began, a substantial collapsed liquid level was present in the

. upflow side of the U-tubes. In addition, larger collapsed liquid levels |'

were also present in the hot leg and the SG downflow sides. As the loop
seal clearing process occurred and the steam volume increased to fill the
loop seal downflow side, the core level was depressed to 0.64 m, i.e.,1.2 m
below the loop seal bottom, causing core heatup in a large portion of the
Core.

An important factor in causing the core level to be so nuch lower in
4

CL-08 than in CL-10, was the presence of a significant amount of liquid in
the SG, particula'/ly the upflow sides of the U-tubes during CL-08. The
primary mass inventory was as shown in Fig. 8. Thus, the mass present in
the hot side, balanced against the cold side mass, was located not just in,
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the core (as in the CL-10 experiment), but instead the SG U-tubes as well.
Consequently, the core collapsed liquid level was reduced. These results
are summarized in Table 5.

10SB-LL-05 Exoeriment

The SB-CL-05 experiment was very similar to the CL-08 experiment; the
major difference being the core bypass. CL-08 was in fact a rerun of the
CL-05 experiment that was conducted after the upper head bypass leakage path
welds were repaired. Consequently, the two experiments differed in that
CL-05 had 2.3% bypass flow and CL-08 had only 0.3%.

Although the bypass flow differed by a factor of seven, no significant
differences were seen between the two tests (see Fig' 5). As summarized in
Table 5, the loop seal clearing phase occurred over the same time period,
the minimum core level was nearly the same, and the core heatup began at the
same times.

These results indicate that core bypass is not a significant factor in
the extent and timing of the core liquid level depression and are the
opposite of the Semiscale results (see Ref. 5). Further analysis is
necessary to assess these apparent differences.

S-LH-1 Exoeriment

The Semiscale LH-1 experiment was the baseline for the initial and
boundary conditions used in the SB-CL-10 experiment.

S-LH-1 also followed the same sequence of events as CL-10 and as
outlined in Table 4. The loop seal clearing phase began at 125 s (see
Fig. 9), 17 s prior to. CL-10. However, the core was depressed to it's

Table 5 - Comparison of Core Depression Data:

LSTF and Semiscale Experiments

Event SB-CL-10 SB-CL-05 SB-CL-08 S-LH-1

| Beginning of core heatup (s) 125. 120. 150.
|
'

Minimum core level

Time (s) 137, 138. 173.

Level (m) 0.53 0.64 1.2

Core level recovery (s) 165. 160. 275.

Normalized core power
at minimum core level (%) 6.5 6.4 3.3

Core bypass (%) 2.3 0.3 0.9
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ninimua level by 170 s,no. ion , , , , , , , , ,

30 s earlier than inj , _ , , , , , , , , , , , , , , , gg.g.
CL-10. Further, full

, , , , _ io n - coio c .~,.> . . . . . . . , , , . . _ ,,;

i g core level recovery was
| V 7 D ; not experienced in LH-1

~

'"j until 262 s, when the'

32"
-

.w,,....

Ir 2a -
-

'" g broken loop seal finally' " " " ' ' '5,7.T;i ,1.'fa 'i
cleared (nearly 91 s

} { after the intact loop
s se -

- 2a 2 seal cleared). |
3 4

-sso -
- na The loop seal |

clearing process in |

..oo iso S-LH-1 was unsymmetrical,' ' ' ' ' ' ' ' '

ioo uo uo iso iso too in 2.o ne :" *" as opposed to SB-CL-10
T.m. .n., ruov. ti) (see Figs. 4 and 10).

The core collapsed liquid
Figure 9. Core liquid level and heater rod tem erature level Was at minimum in

during the Semiscale test 5-LH 1. response to the intact
loop seal being depressed
to the minimum level.

Liquid present in the broken loop SG upflow side, in particular, was
partially responsible for lowering the core level to 1.2 m.

It is believed that the loop seal clearing process, observed in the LH-1
test, reached the core minimum level at an earlier time than in CL-10 due to
the asymmetry of the Semiscale facility. However, exactly how the mechanism
differs in the Semiscale facility from the LSTF will have to be analyzed
further. For example, why didn't the broken loop in Semiscale clear first?

The Semiscale LH-1 core depression data are compared to the three LSTF
experiments in Table 5.

Summary

The above discussion clearly shows the importance of core power in
determining the magnitude and timing of the core liquid level depression.
The difference in timing of the minimum core level between CL-08 and -10 was
due to the greater power input in the former test. In addition, the larger
steaming rate in CL-08 caused liquid holdup in the SG U-tubes and thus
directly increased the portion of the core heater rods that were uncovered
and that experienced temperature excursions from those of the lower powered
CL-10 test.

,

The small range of bypass flows simulated in the LSTF does not seem to
have an influence on the severity of the core liquid level depression.
Further study of this result is needed.

TRAC-PFl/H001 VERSION 12.7 CALCULATIONS

All the eriments discussed above were analyzed using TRAC-PF1/ MODI
version 12.7 The following discussion is divided into two major
sections. First the LSTF TRAC model is discussed together with the
calculational results from the three LSTF experiments. Finally, the
Semiscale TRAC model is described and the resulting S-LH-1 calculation
summarized.
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LSTF Model and Ca hulations

The LSTF model was constructed to be economical and yet provide a
sufficient amount of detail to adequately simulate all phases of the SBLOCA
transients. The model nodalization was defined not only by the system
geometry restrictions, but also the instrumentation locations.

The model has 41 components and 50 junctions with a total of
325 computational cells. The vessel has 15 levels, 4 rings and 2 azimuthal
sections (see Fig. 11). The model, initial conditions and boundary
conditions are described in more detail in the SB CL-05 analys paper
presented at the 14th Water Reactor Safety Information Meeting
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.

SB-CL-05 and -08 Calculations '

The calculations of the SB-CL-05 and -08 experiments had the same basic
*o - 750 characteristics as the. . . . . . . . .

55 g;gra2,** ";, SB-CL-10 calculation.
-

,,

N
. ,,,n The calculated break mass

-

y 45 - - eso flow rates for the* .o .
.

'"$experimentsappearedtoo
[3s

"
SB CL 05 and -08i -

,

.
_

3 low with respect to the3.
j ,s ssohdata. Consequently, the.

: -

!*
~ ** 1 calculated transient,

- '= events occurred at later

Z04%|4 - 4 a

'

E Es do Es 25s The predicted core*
so ts am o ae ax

rim. m differential pressures
Figure 11. $B-CL-08: Comparison of core differential and typical Core heater

pr m ure - and heater rod temperature - rod temperatures for the
measured and calculated. SB-CL-05 and -08

experiments are shown in Figs. 14 and 15 respectively. Relatively good ;

agreement was obtained between the calculated and measured core differential
|

pressure in part because the calculation predicted liquid holdup in the SG
U-tubes much like the data. As in the SB CL-10 calculation, the predicted
core minimum levels were not as severe as the data. However, the predicted t

,

core heatups were comparable to the data.
)

Semiscale LH-1 Model and Calculation

The TRAC-PF1 mode.1 of the Semiscale M00-2C facility was constructed jusing all one-dimensional components (see Fig.16). A vessel component was
not used since external heaters cannot be simulated in the current code
configuration and external heaters were used extensively during the

-

Semiscale SBLOCA experiments.

The model has 55 components and 59 junctions with a total of
218 computational cells. The presence of external heaters was simulated in )every component that had such hardware mounted in the experiment. The power '

to the external heaters was programmed to beh' ave as input to the facility
during the LH-1 experiment.

The results of the calculation are summa. ized using comparisons of the
calculated to measured primary pressure, core differential pressure, and a
typical heater rod temperature response (see Figs. 17 and 18).

|

The calculated primary pressure matched the data very closely for the
first 35 s of the transient. Thereafter the calculated pressure was greater
than the data. The mismatch between the data and the calculation is !
attributed to (1) a mismatch between the calculated and mer.sured secondary

. pressure and (2) a calculated saturated break mass flow rate that was 10%
i less than measured,

i

1

i
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The data shows a continually decreasing secondary pressure, after 50 s,
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ga -

-
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!
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. - u - minimum core level occurred|

' at 188 s, only 15 s la'a, _
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The four !

}
-

'" h calculations briefly |
3 -$ - - summarized above show-

:

3
~ * !

TRAC-PFl/ MODI
version 12.7 to have20 - ,_, g.; 7 . ,,,

the ability to predict
the thermal-hydraulic' ' ' ' ' ' ' '.so ...

so n wo us so u se m iso m * events and phenomena* * "'' of importance during a
N gure 18, s-LHol: Co@arison of core differential Core liquid level

pressure - and heater red temperature - depression for 5%
measured and calculated. SBLOCAs. In general,

the code predicts a lesser core liquid level depression, more extensive core
heatup, and later times for the loop seal clearing phase of the transients.
However, the code predicts the fath trends qualitatively and gives
reasonable agreement as def' led earlier.

OBSERVATIONS AND CONCLUSIONS

1. The core power level, during a given size of SBLOCA, is
1-etrumental in determining the extent and timing of core liquid
ew? depression and the associated core heatup.

2. Bam on the LSTF 5% SBLOCA experiments, flooding and CCFL does not '

appear to be a factor in exacerbating the core liquid level
depression and core heatup at core power decay levels
representative of operational PWRs.

3. Further analysis is required to resolve the apparent discrepancy
between the effect of vessel bypass on core depression and beatup
that exists between the Semiscale and the LSTF experiments.

4. The TRAC-PFl/M001 version 12.7 thermal-hydraulic code has be<

shown to have the ability to predict important phenomena pres '
,

during the loop seal clearing phase of the 5% SBLOCA transien.
including core liquid level depression and core heatup. Agreer '

between the calculations and the data are considered reasonable

:
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| ABSTRACT

A methodolcgj was developed to assess the operational perfonnance of
nuclear power plants through an integration of thermal-hydraulic, human
factors, and risk analysis techniques. This methodology was applied to 1

evaluate the effectiveness of plant systems and operator actions in '

lessening the severity of selected transients for Babcock and Wilcox
(B&W) plants. Comparisons were also performed to assess differences in
operational performance capabilities and limitations between selected
Combustion Engineering, Westinghouse, and B&W plants. For the selected j

B&W plant, the results show the probability that an operating crew would
not respond within the times available (the non-response probability) is
estimated to be relatively small for the three transients studied.
Results also show a strong correlation between operator performance and
the influence of eight performance shaping fa; tors (PSFs). Comparison of
results from the Oconee, Calvert Cliffs, and H. B. Robinson plants
indicate that the likelihood operators would take the proper actions to
return Oconee to.a safe stable state is not judged to be significantly
different than the likelihood operators at Calvert Cliffs or
H. B. Robinson would recover their plants for the transients

iinvestigated. The validity of this conclusion depends on the assumption I

that the performance shaping factors at all three plants are essentiail.y |equivalent. Recommendations are made that influence performance shaping
factors positively and thereby influence operator performance positively.

|
INTRODUCTION

The sensitivity of Babcock and Vilcox (B&W) nuclear power plants to
operational transients has been a concern since the core damage accident at
Three Mile Island Unit 2. Recent events at some B&W plants have reinforced

;

this concern and lead the Nuclear Regulatory Commission (NRC) to "conclude |

that there is a need to reexamine the basic design requirements for B&W
reactors.[1]" Although the B&W Owneis' Group is taking the lead in this
reexamination, the NRC has sponsored a research program to develop a
methodology to assess the operational performance of B&W plants and to apply |this methodology on a trial basis. Results from this NRC research program ;
are reported herein.

a. Work sponsored by the Division of Reactor and Plant Systems, Office of
Nuclear Regulatory Research, U. S. Nuclear Regulatory Commission,
Washington D. C. 20555, Under DOE Contract No. DE-AC07-761001570, FIN
No. A6328.
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A methodology was developed to evaluate certain aspects of the
operational safety of nuclear power plants through an integrated assessment

| of plant phenomenological behavior, performance of plant operators, and plant
| risk information. This methodology was applied to aid in the assessment of

the operational performance capabilities and limitations of B&W plants and
provide a basis for judging the results from programs sponsored by the B&W )
Owner's Group. Specifically, the objectives of this application are as
follows:

,

Evaluate the effectiveness of the plant systems and/or operator1.
actions in lessening the severity of transients in B&W plants as
defined by

o The timing and severity of thermal-hydraulic behavior
o The reliance on safety systems and components for transient

mitigation and the defense-in-depth of these safety systems
o The degree of dependence on operator performance (performance

demands vs performance capability).

2. Compare the operational performance capabilities and limitations of
a representative Combustion Engineering and Westinghouse plant with
a B&W plant.

3. Evaluate the significance of the findings in terms of the risk
currently identified in existing PRAs for the selected plants.

The program objectives were achieved in two steps, progressing from
specific plant findings to more general plant rasults. The first step was to
investigate the operational performance of a representative plant for each of
the three pressurized water reactor (PWR) vendors during selected
transients. This step provided detailed information leading to understanding
the complex interactions that occur between the various elements that
influence operational safety. The second step was to generalize, to the
extent possible, the applicability of the individual plant findings to the
appropriate population of plants, with emphasis on the findings directed
toward B&W plants. A detailed description of the results from this two-step
approach are presented in a two-volume NUREG report (2,3).

METHODOLOGY

The response of a nuclear power plant during operational upsets is
influenced by the complex interactions between plant phenomena, plant
hardware, and operator actions. To account for the influence of these
complex interactions, the methodology developed for this study integrated I

analysis techniques from the areas of thermal-hydraulics, systems analysis, |
and human factors. The approach adopted was to develop plant specific |

results for selected plant transients, and then generalize these specific !
results, to the extent possible, for the appropriate population of plants, l

'

The plant-specific portion of the methodology was developed to include the
contributions of the plant thermal-hydraulic behavior and the timing of this
behavior, the capability of the plant systems to control the plant behavior t

within acceptable bounds, and the ability of the plant operators to use their
procedures to return the plant to a safe stable state once a plant transient
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1 had occurred. Extension of the plant specific results to the appropriate
plant populations was made primarily for the B&W plants. This extension
relied heavily on evaluation of operator behavior during actual transient
events and on plant hardware similarities.

Owing to limitations in both the time and resources available for
application of the methodology, the results are not intended to provide a
comprehensive assessment of all aspects of operational safety for each of the
plants. However, by assessing plant and operator performance during a
limited number of transients that can have a major influence on plant
operational behavior, it can be determined with reasonable confidence where a
plant has strong and weak points from an operational safety viewpoint.

Figure 1 provides an overview of the plant specific approach used for the
operational safety analysis. The rectangles represent the inputs to the
program and the results derived from the evaluation. The oval shapes
represent the different analyses performed. The arrows between the ovals are
labeled to show examples of the products from the analysis steps that served
as inputs to subsequent analysis. The individual analyses include the
following:

Plant Model - A major goal of the method was to provide consistent
thermal-hydraulic results that could be compared between different
plants. This consistency of the results was obtained through use of a
standardized set of plant thermal-hydraulic modeling techniques and
assumptions on boundary conditions, and use of the same computer code for
all the thermal-hydraulic calculations. The RELAP5/H002 computer
code [4] was selected and used to perform the thermal-hydraulic
calculations described in this study.

j

Critical Safety Function Analysis - Critical safety function (CSF)
response trees are graphical representations depicting how the operator ;

and plant hardware combine to implement the safety functions used for
maintaining plant safety. Since critical safety functions can be defined ;

I

in several different ways, selection of a common set of CSFs was made so I
the functional characteristics could be more easily compared between '

plants. The selected CSFs included reactor coolant system (RCS)
inventory control, RCS pressure control, RCS heat removal, core heat
removal, reactivity control, and vital auxiliaries. The CSF response
tree logic was then developed for each CSF, using design information and
emergency procedures. Based on this information, the manual and
automatic success paths for providing relevant critical safety functions
were identified.

|
Transient Selection - Based on plant operational and plant risk

|information and input from a preliminary evaluation of the CSF response |

trees, three transients were selected for evaluation. A description of !

the transient selection process, together with the three transients
selected, is contained in a following section.

Operational Seouence Analysis - Operational sequence diagrams (0SDs) were
developed for each plant to identify the functional interface between the
plant hardware and the control room crew as a function of time during the
transients selected. Operator tasks that are required were determined by
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assessing the status of the CSFs and applying the emergency operating
procedures. The operators were considered to have "regained control"
whee the safety function dynamics were no longer the direct, inunediate
determinant of the operators' tasks.

Phenomenoloaical Analysis - Calculations were performed for each plant
for the selected transients using the RELAP5/M002 computer code,
Cycle 36.04. Baseline transients were initially calculated using
conservative assumptions concerning hardware failure and minimal operator
actions. These calculations were used to provide information on the
timing of the events that occurred during the transient, with minimal
operator or hardware intervention. Based on the results from the
baseline calculations and the OSDs, sensitivity calculations were
performed to investigate the influence of actions that were specified to
restore the plant to a safe, stable state.

Ooerator Task Analysis - A task analysis provided detailed descriptions
of the operator response during each of the transients for each of the
selected plants. The OSDs were used during visits to the H. B. Robinson
and Calvert Cliffs plants as guidelines for ' duct of a table top
exercise fcrm of task analysis. For the os.. ant, a series of simulator
runs were performed for each transient usirq four different crews. The
effect of variables such as crew differences, different trials, and
special challenges to operator performance were defined. A survey was
used to assess the influence of the following important
performance-shaping factors (PSFs): procedures, man-machine interface,
operator workload, stress, use of plant simulators, and training.

Operator Burden Analysis - Results from the Task Analysis and
Phenomenological -Analysis were combined to aid in assessing the operator
burden at the selected plants. Important operator actions were
classified according to cognitive content as being skill, rule, or
knowledge based and were also categorized as being involved in actions
requiring verification or checking of displays, use of controls,
communications, or decisions. This information was displayed on a time
line, and the density of operator actions was determined for each plant.
The PSFs were analyzed and correlated with the performance of the crews
to indicate which PSFs play an important , role. Non-response
probabilities were calculated to estimate the likelihood the operator
would successfully execute certain important actions,

fLil.k Analysis Review - The risk analysis review was restricted to only
the B&W plant, since the other plants either did not have a probabilistic
risk assessment (PRA) or the existing PRA was significantly out of date.
An assessment was maae of how well the human actions were incorporated in
the PRA fault / event trees. A review was made of the method of
calculating the human error probabilities (HEPs) for certain actions. A
comparison of the HEPs with the non-response probabilities was made to
determine the influence of the current findings on the risk represented
in the PRA.
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Extending results from the plant-specific application of the methodology
i

to the general population of plants was done primarily for the B&W plants. |
This extension was made on a general basis since recent detailed information i
on the plant hardware, operations, or the capabilities of the operators was j
not readily available. Results relating to thermal-hydraulic behavior were i
extended using relationships primarily based on parameters derived from the j
basic configuration of the plant or from the system hardware. The hardware ldifferences are based on recent hardware descriptions but may not represent '

changes. However, the parameters that describe operator performance are not
normally documented and disclosed to the same degree as hardware
information. Operator information was primarily derived from records of the
response of the operators to plant transient as documented by the B&W Owners
Group Transient Asses'sment Program (TAP).

PLANT SELECTION

One plant was selected for study from each of the three major vendors of
PWRs to allow vendor-to-vendor comparisons of plant performance in terms of
system and operational performance. The plants were selected based on a
weighting of five criteria. These criteria included (1) the availability of
thermal-hydraulic code input models, (2) the availability of plant
information to support human factors and thermal-hydraulic analysis needs,
(3) the availability of a suitable PRA, (4) the typicality of the plant
relative to other plants designed by the same vendor, and (5) similarities in
plant volume, power rating, and loop configuration between a selected plant
and plants selected for other' reactor vendors. Based on these criteria, the
plants selected for study were Oconee Unit 1 (B&W), H. B. Robinson Unit 2
(Westinghouse), and Calvert Cliffs Unit 1 (Combustion Engineering).

TRANSIENT SELECTION

Based on the study objectives, time, and resource constraintss three
transients were judged to be sufficient to provide significant results from
the outlined methodology. Selection of the transients was based an several
criteria. Each transient selected should (1) severely challenge the
operators and/or safety systems of the plants, (2) highltght differences in
the response of the operators and/or safety systems for each of the three

'plants selected, (3) be expected to occer at a reasonably high frequency
based on plant operating histories, (4) be estimated to make a reasonable
contribution to core melt frequency for one or more plants, and (5) have the
potential to be successfully analyzed within the time and resource
constraints using available human factors methods and thermal-hydraulic
models.

A review of risk-dominant sequences was performed initially to identify ;

those transients that severely challenge the plant or the operator. Sixteen |

classes of risk-significant sequences were identified as part of the Accident |

Sequence Evaluation Program (5). To aid in the selection process, these
sixteen classes of sequences were grouped into three general types of
transients based on thermal-hydraulic phenomena. These general transient

,

types included total loss of heat sink (including feed and bleed), ;
loss-of-coolant accidents with failure of the emergency core cooling (ECC)

,

1

1

!

i
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system, and anticipated transients without scram. Transients falling into
one of these three broad categories were rated as more desirable than those
not doing so.

Data from the B&W Owners' Group Transient Assessment Program (TAP) were
reviewed to identify the most common transients that have occurred in B&W
plants. All of the TAP Category C transients, those which have most severely
challenged the plant safety systems, were reviewed together with about 50% of
the less severe Category B events. The results of these reviews indicated
that the most common sequences occurring at B&W plants are overcooling
transients initiated by either a stuck-open steam line valve, an overfill of
the steam generators, or a combination of both. Examples of these types of
overcooling transients are presented in References 6 and 7. Transients
involving loss, or near loss, of heat sink owing to loss of feedwater or
insufficient feedwater also were found to occur relatively frequently. Note
that only a few transients reported in the TAPS data actually resulted in
overheating of the RCS such as occurred at Davis-Besse [8]. The majority of
these transients simply resulted in lower than normal steam generator water
levels.

The selection criteria were applied to candidate transients identified
from the reviews of the risk-dominant accidents and the TAPS data. The three
transients selected by this process were (1) a total loss of all feedwater
(LOFW), (2) a small-break loss-of-coolant accident (SBLOCA) with degraded
high-pressure injection (HPI), and (3) a steam generator overfill transient
with full auxiliary feedwater (AFW). These transients, which involved
undercooling, overcooling, and loss of reactor coolant, would challcnga the
operator and plant safety systems over a wide range of conditions, thuc ,

satisfying the first two selection criteria. The three tr astents also '

satisfy the fourth selection criterion associated with risk significance. |
The total LOFW transient was identified directly as a risk-dominant
sequence. The SBLOCA was closely related to the LOCA wn.h Lotal loss of ECC,

,

a risk dominant sequence. The steam generator overfill transient was similar
to a transient described by Oak Ridge National Laboratory, [9] with !
potentially significant implications to safety.

B&W PLANT RESULTS

The results presented in this section are intended to address the first
objective identified for the program, i.e., evaluation of the operational
performance of B&W plants. The methodology was initially applied to the i

Oconee plant. Results from this application fell into four major !
categories: plant operational performance, degree of reliance on safety I

systems (defense in depth), operator burden, and effect of performance |
shaping factors on operator performance. An assessment of the degree to
which the Ocon9e results coul/ be extended to other B&W plants followed.

Oconee Plant 0qerational Response

As discussed earlier, the response of the plant during a transient is
influenced by a combination of factors, including the thermal-hydraulic
phenomena and the behavior of the operator. Since the operator may have a
dominant role in mitigating thn effects of certain transients, it is
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Important to understand the likelihood that the operator will not respond in
a manner that will successfully return the plant to a safe stable state. A
recently developed model, the Human Cognitive Reliability (HCR) Model [10),
has the capability to estimate the non-response probability of an operator
action or group of actions. This model is based on crew response data taken
from a large number of simulator trials and uses plots of the non-response
probabilities versus a normalized elapsed time. These plots provide a
consistent basis for predicting the non-response of a future crew as a
function of the time available for operator action.

Results from the thermal-hydraulic analysis were combined with results
from the Oconee simulator runs as input to the HCR Hodel, to provide an
assessment of the plant operational response in terms of the non-response
probability for plant operating crews.

Loss-of-Feedwater Transient. Bounding information on event timing for
the LOFW transient was determined from the baseline thermal-hydraulic
calculation. This baseline transient simulated a main feedwater pump (MFP)
trip and included the failure of all emergency feedwater. The only operator
action modeled was the trip of the reactor coolant pump following the
directions contained in the emergency operating procedures. Results from
this calculation show that the steam generators would dry out relatively
early in the transient, at 4.3 minutes; the primary system would reach
saturation temperature at 31 minutes; and core uncovery would begin 57
minutes after the main feed pump trip. Initiation of core uncovery was

selected as the limiting case for the operator to mitigate rather than the
more extreme case of unacceptably high fuel rod temperature.

For a total loss of feedwater at Oconee, the emergency operating
procedures call for operator actions that result in the initiation of primary
system feed and bleed or use of alternate sources of feedwater to return the
plant to a safe stable state. Results from the simulator runs show that
either feed and biced, or the use of the condensate booster pumps as the
alternate feedwater source, had the capability to mitigate the LOFW
transient. Primary system feed and bleed was chosen for calculation of
non-response probabilities since it can be initiated later than condensate
booster pump flow and still be effective.

Results from the plant task analysis and simulator runs indicate that the
operators would complete the initiation of feed and bleed at about 9 minutes
following initiation of the LOFW. Thermal-hydraulic sensitivity
calculations, performed to determine the latest time that feed and bleed
could be initiated and keep the core covered, demonstrated that feed and
bleed could successfully cool the core if initiated at about 50 minutes after
the loss of feedwater (within about 7 minutes of core uncovery).

An additional thermal-hydraulic calculation was performed to estimate the
event timing under the extreme case of degraded flow capacity for both the
feed and the bleed systems. The results showed that feed-and-bleed cooling
can successfully keep the core covered even if the power-operated relief
valve (PORV) i,d high-point vent valves (HPVVs) are failed and only one of
the three HPI pumps are available. Successful performance is possible under
these adverse conditions because the shutoff head of the Oconee HPl pumps is
higher than the Reactor Coolant System (RCS) safety relief valve (SRV)
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setpoint, and these pumps have a relatively high flow capacity. In this
situation, the results indicate that the single HPI pump would need to be
started within 40 minutes after loss of feedwater to prevent core uncovery.

i

1

Estimation of the desired plant-specific LOFW transient non-response
probabilities was accomplished by plotting the simulator results over curves I

that represent data disclosed from a number of operator response tests 1

described in the referenced HCR Model. Figure 2 shows these curves, labeled I

"skill," "rule," and "knowledge," together with the four data points that
correspond to the response of each of the four Oconee crews. The following
example shows how the simulator data were plotted. The first crew completed
the task of restoring RCS heat removal at approximately 0.66 of the normal,
or median, time of the four crews' responses. Therefore, at a time
corresponding to 0.66, the non-response probability for the four crews is
shown as decreasing from 1.0 to 0.75 to reflect the fact that one of the four
crew has responded and three of the four have yet to respond. (Note the
height of the bar represents the change from 1.0 to 0.75.) The change in
non-response as each of 3 remaining crews responded is similarly
illustrated. The final bar is not shown dropping to zero, since the log
scale would distort its position and make ob,ervation of the trends on the
graph more difficult.

Comparison of the Oconee simulator results for the LOFW with the
referenced HCR Model curves shows that the distribution of responses for the
four Oconee crews is bounded by the general trend of the rule-based
distribution and appears to correspond most closely with a mixture of

jskill-based and rule based operator actions. This correspondence is expected '

since the crew actions for loss of feedwater are delineated in the Emergency
)Operating Procedures, i.e., "rules" are well-established, and are I

well-practiced by the crews during simulator training, which is a classic 1

method of establishing a basis for skill- and rule-based behavior. l

Tne latest time at which the operator can take action and still prevent
core uncovery (50 minutes after loss of feedwater) is shown by the dashed
vertical line on Figure 2. The non-response probability that corresponds to
that time, i.e., the probability that a future crew would not respond by this
latest calculated time f action to prevent core uncov
skill or rule behavior, ;seentobeapproximately10gry,basedoneither, or less. Also
shown is the latest time at which the operator can take action with degraded
feed- and bleed-capabilities (40 minutes after loss of feedwater). The
non-response probability that a future crew would not take act
core uncovery by this time is seen to be less than about 5x10-{on to prevent, using rule

ibased behavior as the upper bound. Therefore, based on HCR Model results, '

there is a relatively high probability that the Oconee crews would make a
successful response to the combination of faults caused by a loss of both the
main and emergency feedwater, even with degraded feed- and
bleed-capabilities.

S_ mall Break Loss-of-Coolant Accident. baseline
results indicate that a SBLOCA in Oconee initiated by a 0.01 ftThethermal-hydrauligbreakin
the cold leg, and with only one HPI pump operating, did not result in a
calculated core uncovery. The only operator actions represented in the
baseline SBLOCA calculation were to trip the reactor coolant pumps according
to emergency operating procedures. The calculated results indicate that the
reactor coolant system experienced a net loss-of-fluid mass for 37 minutes
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after the initiation of the break. The net mass loss was terminated when
vapor flow from the upper plenum reached the break through the reactor vessc1
vent valves, thus reducing the break mass flow. No dryout or heatup of the
core occurred. The reactor coolant system was in a stable condition at the
termination of the calculation with the core covered. However, the systemi

| pressure remained well above the entry conditions for long-term decay heat
removal. Since significant heat transfer to the steam generators was not
possible, owing to voiding in the candy cane, the operator could not use the

j steam generators to reduce system temperatures and pressures to the point
where long-term cooling could be initiated. For this situation, the,

I emergency operating procedures call for the operator to "bump" the reactor
coolant pumps in order remove the void in the candy cane and allow the steam
generators to be used to cool down and depressurize the RCS. Simulator data
for this operator action was not available because the Oconee simulator does
not have the capability to adequately simulate voiding in the candy cane.
Since this was the only major operator action identified for the SBLOCA,
calculation of non-response probabilities was not possible.
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Steam Generator Overfill Transient. Timing for the steam generator
overfill calculation was determined from the baseline thermal-hydraulle
calculation. This calculation was initiated by a main feed pump trip and was
followed by an overfill of the steam generators with emergency feedwater
(EFW). No operator actions were modeled, and it was assumed that the
automatic control systems designed to throttle EFW failed. Retill of the
steam generators began at about 2.5 minutes after main feed pump trip, when
the steam generator levels reached the EFW initiation setpoint. At 21 |

minutes after initiation of the transient, the generators were calculated to
be full to the point that a significant amount of liquid would begin entering
the steam lines. The calculation was terminated at this point. This ioverfill transient caused an overcooling of the reactor coolant system at a

,

rate of about 256 F/hr which is considered to be a relatively rapid )cooldown rate. At the end of the calculation, the minimum reactor coolant
0system temperature was about 490 F and still decreasing. If the plant

equipment or operator actions were successful in terminating EFW prior-to 21
minutes, the severity of the overfill transient in terms of overall cooldown
rate, total amount of cooldown, or potential for damage to the steam line
would be lessened.

Using the same approach as described for the LOFW transient, results from
the baseline transient were used in conjunction with results obtained from
the Oconee simulator to estimate the operator non-response probability for
the overfill transient. The four data points corresponding to the response
of each of the four crews during the overfill transient are shown in
Figure 3. Again, the curves labeled "skill," "rule," and ' knowledge"
represent data disclosed from a large number of operator response data i

described in the referenced HCR Model. I

The distribution of responses of the four Oconee crews would be bounded
iby the general trend of the knowledge based distribution derived for the '

referenced HCR Model although the non-response probabilities at the larger
normalized times appear to be trending towa.rd rule based behavior. This
tendency toward knowledge or possibly rule based actions rather than skill
based may have been influenced by opposing goals imposed by this particular
transient. Since loss of feedwater initiates the transient, the initial
goal, which is stressed very heavily in Oconee plant procedures, is to
restore steam generator inventory. The goal of reducing the inventory only
becomes important once the high level setpoint had been exceeded. In
addition, the simulator did not model the EFW spraying directly on to the
steam generator tubes. It was necessary to include additional equipmer.t
failures in the transient representation so that the primary to secondary
heat transfer would be increased to approximately represent the effects of
this spray. Since the operator had to overcome these additional failures,
additional time and thought were required which is reflected in the data.

The time at which water is calculated to enter the steam line from the
baseline calculation, which does not include major operator actions, is shown
by the dashed vertical line on Figure 3. The non-response probability that
corresponds to that time, i.e., the probability that a future crew would not
respond by the calculated time of water entering the steam line, based on
eitgerruleogknowledgebasedbehaviorisseentobeintherangeofabout
10- to 5x10 . Therefore, based on HCR Model results, there is a
reasonable probability that the Oconee crews would make a successful response
to the combination of faults causing a loss of both the main and emergency
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feedwater. Since the probability that the operato will not su..cessfully
terminate this transient is approaching an appreciable value, further study
of the implications of the steam generator overfill transient may be
warranted to determine if the consequences are risk significant.

Defense in O_qpiltfor Ocoree. The adequacy of Oconee's defense in depth for
the selected transients was assessed using the Oconee critical safety
function response trees to characterize the plant's overall functional
response to the transients, i.e., to determine the expected response of both
plant systems and operators to challenges to the critical safety functions.
Using the critical safety function response trees, the details of the plant's
response (including hardware and operator actions) to safety function
challenges can be laid out in a concise format, and the number of success
paths that are being used and that remain available at any point in the
transient can be identified. The number of success paths that remain
available for use is an indication of the plant's defense in depth for that
transient. Defense in depth is considered adequate for a given transient if
sufficient success paths are available for providing each relevant critical
safety function during the course of the transient. Of cour se, it is also

it.;portant to consider how many additional success paths are available after
the minimum requirements for responding to the transient are satisfied.

Based on the Oconee CSF response trees, defense in depth was judged to be
adequate for all three transients analyzed. The functional response
assessments show that the Oconee crews were able to successfully select and
implement a success path for each safety function during the three
transients. With only one exception, which was shown to be inconsequential,

# i " ;| t 1 | | | | 6 |-
2 | 2

[ | Predicted time at [
hich SG would be

~ ! * squid filled with ~
I

_ |no operator action ,

|
p 10" -- --,

3 : :
4 : I. :
I : \.,4 :
5 I

| - g | -

3 ?
- 10-8 --

|
--

T. ::
| *: I

-

-

|
-

~
<

\ |
~

_

| _

i,il i i ii i i i , ii o., i , , ,

108 10'

nm. (normau.d> mm

Figure 3. Mitigation of steam generator overfill event

492



__________ -

additional success paths (beyond those actually used) remained available
after the adverse transient conditions had been mitigated.

Analysis of Operator Burden for Oconee. The tasks taken from the simulator
runs at Oconee were tabulated in a time line format to provide a simple meansto examine operator burden. The time lines and tasks within these time lineswere then analyzed. The number of operator tasks that occurred during blocks
of time were determined for each transient, and a task density calculation
(number of tasks per unit time). was performed. As would be expected, the
task density was higher in the early part of the transients, reflecting the
immediate actions taken by the crew at the onset of a transient condition.
However, the numbers of tasks per time period were not considered to be
excessive nor outside the capability of a well trained crew, as they are
comparable to task densities of other types of plants that are similar to
nuclear reactors in complexity.

In addition to determining task densities, two different task
classification systems were applied to evaluate the types of tasks being
performed by the crews during the transients. The first system was based
upon Rasmussens' classification (11] of cognitive tasks into three
categories: skill, rule, and knowledge-based behavior. In this context,
skill based behaviors are those more reflexive and mechanistic in nature, and
also depend upon the level of training and the degree of practice of the
operators performing the activity. Rule-based behaviors are those which aredirected by a set of procedures or rules. Knowledge-based behaviors are
those which require the operators to rely upon their own knowledge and
problem solving ability to resolve problems. Each operator task in the
timeline was classified according to this system. The second classification
system was based upon the behavior required by the type of interaction being
carried out between the operator and the plant system with which he was
interfacing, or between the crew members. Each task was categorized as to
whether it required taking a reading, taking a control action, communicating,or making a decision.

Results from the classification of tasks, did not suggest problems in
terms of operator burden for any of the three transients. The distribution
of tasks across the categories of the classification systems revealed no
trends or patterns. In general, the LOFW scenario appeared to be the most
difficult transient for the Oconee crews in that more rule- and
knowledge-based activities were required. The increased difficulty was also
reflected in higher levels of communication and decision in the second
classification system. Increased difficulty for this transient was also
reflected by the higher task densities in the early portion of the transient.

Performance Shaoina factors for Oconee

Performance shaping factors (PSFs) for nuclear power plants are generally
defined as factors that can influence the performance of the operator. A set
of eight performance-shaping factors were selected for this study, factors
that experience has shown to have important effects on reliable human
performance during plant operation: (1) training, (2) procedures, (3)
information available, (4) system feedback, (5) instrumentation, control, and
layout, (6) environment, (7) stress, and (8) workload.
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To assess the influence of performance-shaping factors on the Oconee
operators, members of each of the four crews filled out a survey designed to
assess their perceptions of the influence of PSFs following completion of the
simulator runs. The operators were asked to rate the PSFs on a scale of one
to five, according to whether the FSFs hindered or helped performance. Since
these factors could influence the operators differently during each of the
three transients, an identical PSF survey was filled out for each transient.
A detailed evaluation of the survey results was performed to assess the
impact of the PSFs on performance as perceived by the operator, to identify
relationships among the PSFs, and to identify correspondence between the PSFs
and other measures of crew performance taken in the survey.

Based on results from the PSF ratings, the Oconee operators considered
their training, procedures, information available, and system feedback to be
positive contributors to their performance. Instrumentation, control and
layout, ;nd environment were generally not ranked as either helping or
hindering performance. Stress and workload were considered definite

Ihindrances to performance, because they add to and complicate the operator's
tasks, i

|

The survey results were analyzed further to determine the extent te which
the ratings of PSFs correlate with are predict crew performance. For the
first analysis, operator performance as measured by the .the required by the i

crews to mitigate the transients was correlated with the rankings of the
PSFs. This analysis identified a high degree of correlation between the PSF
ratings and time needed for transient mitigation. In addition to time, four

additional crew performance measures were evaluated, including selection of
the proper mitigation path, control of the plant, crew communications, and
confidence in mitigating the transient. Each of these measures were created
through a careful evaluation of the crew performance by a licensed operator
examiner using a rating scale. The results show that the PSFs also correlate
strongly with these four measures. The strong correlations of PSFs with the
selected performance measures indicate their capability to evaluate and
predict operator performance.

Because strong correlations were shown to exist among the PSF ratings and
the various performance measures, a regression model was developed based on
the PSF ratings and time required by the crews to mitigate the transients.
This model was used to perform a set of sensitivity calculations for each
transient to predict changes in the time taken to mitigate the transients,
given changes in the PSF ratings. That is, the PSFs were systematically set
to their highest and then lowest ratings to evalbate the effect that PSFs
could have on the time required for the operator to complete a task for best-
and worst-case situations. Results from these sensitivity calculations
indicate that when the PSF ratings are decreased from their highest rating to
their lowest rating, the time taken to mitigate a transient may increase by
between a factor of 6 to 16, depending on the type of transient. The factor
of 6 applied to the steam generator overfill transient and the factor of 16
applied to the loss-of-feedwater transient. Assuming that an operator's
perception of the PSFs accurately reflect the real PSFs, then these results
indicate that substantial decreases in the quality of the identified PSFs
will be accompanied by substantial decreases in operator performance.
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Relation of Oconee Findinas to Other B&W Plants |

The degree to which the Oconee results could be extended to other B&W
plants was evaluated based on similarity to the Oconee hardware and
operations. This extension was intended to provide a general overview of how
the calculated results could be applied to other plants. A rigorous
extension one considering the many detailed plant differences, would require |

a comprehensive program well beyond the scope of the current program. The ;
discussion has been grouped according to relationships of the plant !

i responses, relationships of the defense in depth, and the expected
| relationship of the performance-shaping factors for the operators.

1

Relation of Plant Response

Plant response relationships were based primarily on an assessment of
hardware similarities and differences among the B&W plants. Using this
approach, the thermal-hydraulic results for the three Oconee Unit I
transients are believed to be generally applicable to all the other B&W
lowered-loop plants. Differences in core power and PORY size between Oconee
and these other lowered-loop plants should result in only relatively minor
differences in the timing of events. Differences in the design of the ICS
and the balance of plant should have an insignificant effect on plant
response because the transients selected for this study do not rely on the
functions performed by the ICS system. Plant response differences become
more significant for transients in which the ICS or the balance of plant
plays an important role. The steam line break detection system present in
some plants could influence the course of the overfill transient by.
automatically terminating EFW and preventing the continued overfilling of the
steam generators. The calculated results for Oconee are not as applicable
for Davis-Besse, the raised-loop plant, primarily because of differences in
plant configuration and the HPI system design.

Analysis of Oconee Response Trees for Selected TAPS Transiqnu

The B&W Transient Assessment Program (TAP) Reports provide useful
information on actual events that have occurred at B&W plants. These reports

)included a detailed discussion of the sequence of events, including the
operator actions for these events. It is, thus, possible to evaluate the i

,

actual events using the Oconee critical safety function response trees to
evaluate the functional response of the plant. This application of the
Oconee response trees to actual transients allows the actions of crews from
other plants to be evaluated in terms of the adequacy of the functional
response as if the events had occurred at Oconee. It is recognized that I

there may be design differences between Oconee and the other plants that may
influence the response of the systems or operators. Where these differences
would significantly impact the functional response, their influence was

,

evaluated. '

Three actual events were selected for response tree analysis because of
their challenge to the operating crew and the safety functions. These events
are as follows:
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l. Davis Besse loss of Feedwater, June 9, 1985 (information regarding
this transient was taken from NUREG-ll54)

2. Rancho Seco Overcooling Event, October 2, 1985 (TAP Report RS-86-05)

3. Ransho Seco Loss of ICS Power, December 26, 1985 (TAP Report
RS-85-01).

Results from the functional response evaluation show that, although the
three transients challenged some of the plant safety functions, there were
always several success paths remaining with the capability of returning the
plant to a safe stable state. However, even though the operating crews were
able to successfully mitigate the three TAP transients analyzed, they did so
with a certain amount of difficulty. Results from the functional response
evaluation indicated that, in some cases, the response could have been
significantly improved if proper maintenance had been performed for equipment !

important to the implementation of success paths. In other cases the
response, although ultimately successful, could have been much more effective
in the use of the plant's resources if a focused safety function perspective
had been maintained by the operating crews.

Relation of Oconee PSF Findinas.

An evaluation of B&W plants other than Oconee was performed to
demonstrate use of the PSF results. Tne objective of this effort is to show
how performance-shaping factors might be assessed and how they affect overall
operator performance. The approach taken was to select a small number of TAP
transients from different plants and combine estimated pSFs for these
transients into a single composite plant, because it is recognized that
selected plants would have made modifications since the transients occurred
and, thus, a plant-specific assessment of the performance shaping factors
would no longer be applicable or meaningful. The transients selected for
evaluation were the Rancho Seco loss-of-feedwater, the Rancho Seco loss of
Integrated Control System, and the Davis-Besse loss-of-feedwater.

Based on the information from the TAP reports, expert judgement was used
to estimate PSF ratings for the composite plant, using the scales previously
developed for the Oconee operator survey. The estimated PSFs were in all
cases determined to be lower than those determined for Oconee. The ratings
of the performance-shaping factors were applied in the Human Cognitive
Reliability Model (HCR) model to demonstrate how they affect the human error
probabilities associated with specific operator tasks. As required by the
model, the performance-shaping factors were grouped to fit the HCR taxonomy
and, using engineering judgement, to identify the appropriate HCR weights.
The next step was to take.the median task performance time obtained in the
Oconee simulator runs and use it as a baseline to apply the PSF weights to ,

calculate a failure probability for the composite plant. The resultant ;
probabilities show a minimum of an order of magnitude of difference between
the plants for two tasks selected as important to the potential risk from the
LOFW and steam generator overfill transients. It is expected that similar
differences would occur for other tasks of equal duration and complexity.
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Even without further detailed plant evaluations, the high degree of
I correlation between crew performance and the PSFs provides significant

insight into what could be monitored at plants to aid in, evaluating thei

| . expected performance of crews. The operator performance at some B&W plants
| could be improved, by either establishing standards or monitoring programs
| for training, procedures, information available, system feedback,

instrumentation control and layout, environment, stress, and workload.

PLANT COMPARIS0NS

These results are intended to address cie second objective identified for
the program, i.e., comparison of the operational performance capabilities of
a representative Combustion Engineering, Westinghouse, and B&W plant, using
the approach and general results from Oconee.

Plant Resoonse Comparisons

The plant response comparisons have been made both on the basis'of
thermal-hydraulic results and the capability of the operator to respond and
control the transients. Results from the thermal-hydraulic comparisons are
summarized to provide insights into the timing and severity of the
transients. Comparisons of the capability of the operator to respond were
found to be more difficult than had originally been anticipated, owing to
differences in the levels of information available for each of the different
vendor plants.

The thermal-hydraulic responses of Oconee, H. B. Robinson, and Calvert
Cliffs were generall, similar for the three transients analyzed. Observed
differences in plant' responses were primarily related to design differences
between the once-through and U-tube steam generators, and the vent valves in |
the Oconee reactor vessel. Comparison of the LOFW, SBLOCA, and steam
generator overfill transient thermal-hydraulic results follow.

I

Loss-of-Feedwater Transient. Operator actions are required to prevent
core uncovery and heatup in a total LOFW transient at each of the plants
studied. For the baseline calculation, i.e., without initiation of feed and
bleed cooling and substantial operator actions, the responses of all three
plants were similar except for the timing of events. Significant
thermal-hydraulic events generally occurred first in Oconee, then in Calvert
Cliffs, and finally in H. B. Robinson. For example, the steam generators
dried out about 4 minutes after MFP trip in Oconee, about 20 minutes in
Calvert Cliffs, and at about 62 minutes in H. B. Robinson. Core uncovery and
heatup began at 57 minutes after MFP trip in Oconee, at 101 minutes in
Calvert Cliffs, and at 126 minutes in H. B. Robinson. The calculated
differences in plant responses are primarily attributed to the smaller
initial liquid inventory in the Oconee steam generators and differences in
the reactor trip parameters that delayed reactor trip in Calvert Cliffs,
compared to the other two plants.

-Results from the calculations indicate that feed and bleed can be
successfully used to cool the core in-all three plants if initiated early
enough following a total LOFW transient. Feed and bleed was calculated to
prevent core heatup if initiated at 31 minutes following MFP trip in Calvert
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Cliffs (70 minutes prior to core uncovery), 50 minutes in Oconee (7 minutes
prior to core uncovery), and 104 minutes in H. B. Robinson (22 minutes prior
to core uncovery). Estimates indicate that if the start of feed and bleed
had been delayed by more than about 5 minutes from the times given above,
core heatup would have begun in each plant.

Oconee has the capability to feed and bleed the primary system, even with
degraded conditions in both the HPI and power operated relief valve systems.
A sensitivity calculation shows that with only one of three HPI pumps
operating and complete failure of the power-operated relief valve system (HPI
flow was delivered against the setpoint pressure of the pressurizer safety |

1relief valves), core uncovery could be prevented if HPI was initiated within
40 minutes of MFP trip. Both the H. B. Robinson and the Calvert Cliffs plants |
are more restricted in their capability to prevent core uncovery with
degraded capacity in the feed and bleed systems. The primary difference in
the capability to successfully feed and bleed with degraded systems is
associated with the lower pressure shutoff head of the HPI pumps for
H. B. Robinson and Calvert Cliffs.

Condensate pumps can be used to prevent steam generator dryout in H. B.
Robinson and Calvert Cliffs if the operators act to depressurize the stean
genert. tors during a LOFW transient. Although the condensate booster pumps
can not be used to prevent steam generator dryout at Oconee, the simulator
runs indicate they can be used to feed the dry steam generators and provide
RCS cooling thereby eliminating the need for feed and bleed cooling. By
passing the condensate booster pump flow through the emergency feedwater
system, which would spray the water on the upper portion of the tubes, it is
believed that a relatively less significant thermal impact would occur for
the dry steam generator tubesheet. This belief appears to be reasonable but
analysis should be made available to confirm that thermal stresses are not
excessive.

Small-Break Loss-of-Coolant Accident. Oconee, H. B. Robinson, and
Calvert Cliffs remained in a safe condition during a SBLOCA initiated by a

20.01 ft break with degraded HPI. No critical operator action was
determined necessary to maintain the safety of the plants for this
transient. The thermal-hydraulic responses of the three plants were similar
early in the SBLOCA. However, one significant difference in behavior was
related to the time that the break flow transitioned from single-phase liquid
to a high-quality two-phase mixture. This transition occurred between 29 and
43 minutes earlier in Oconee than in the other two plants because the reactor
vessel vent valves, present in B&W plants, allowed steam to enter the cold
leg pQing before the reactor coolant pump loop seal had cleared. The
earlier transition to two-phase flow at the break in 0conec resulted in less
depletion of the RCS liquid inventory and a more rapid depressurization
occurred earlier in time compared to the other two plants.

Differences between plants were also observed relative to the ability of
the operators to recover from the SBLOCA. As discussed earlier, the Oconee
operators could not depressurize the RCS (a step necessary to reach residual
heat removal entry conditions) by depressurizing the steam generator unless
the reactor coolant pumps were "bumped." However, the capability for heat
removal from the reactor coolant system by the steam generators was still
present in both H. B. Robinson and Calvert Cliffs at the end of the SBLOCA,
so the operators could depressurize the RCS using the steam generators
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without "bumping pumps. Thus, H. B. Robinson and Calvert Cliffs have an RCS
depressurization mechanism for certain break sizes that is not available at
Oconee without additional operator actions and hardware operation.

;

Steam Generator Overfill Transient. The overfill transients investigated ;

were initiated by a trip of the MFPs followed by an overfill with auxiliary
feedwater (AFW). The maximum AFW flow rate was used for the Oconee
calculation because overfill would not occur unless the systems controlling |

| the steam generator level had failed and it was assumed that this failure
would result in a worst case (maximum) AFW flow. The AFW rates at Calverti

Cliffs and H. B. Robinson were assumed to be the nominal AFW flow rates,'

since no failures in the AFW flow control systems were required to have an
overfill transient.

Because of their relatively small size, the steam generators filled
rapidly at Oconee. The steam generators were liquid full at 21 minutes after
MFP trip in Oconee, at 45 minutes in H. B. Robinson, and at 106 minutes
Calvert Cliffs. The steam generator overfill caused a more rapid cooldown in
Oconee than in the other two plants. This more rcpid cooldown is caused by
enhanced heat transfer from the spray of emergency feedwater (EFW) directly
on the upper portion of the tube bundle, together with the more rapid
coverage of the tubes. The cooldown rate of the average RCS temperature from
the time of reactor trip to the time the steam generators filled with liquid

0 0was 256 F/hr in Oconee, 93 F/hr in H. B. Robinson, and 41 F/hr in
Calvert Cliffs. The only critical operator action identified for this
transient was to terminate AFW or EFW before liquid entered the steam lines.
Liquid in the steam lines could possibly cause a steam line failure due to
water hammer induced hydrostatic loading. A steam line failure has the
potential to result in a more severe overcooling transient.

An assessment of the difference in assumptions on rate of AFW flow shows
that the conclusions drawn from the results would not change significantly if
the maximum flow rate was used for all plants rather than just for Oconee.

-

Operator Response Comparisons

A direct comparison of the operator response for Oconee, Calvert Cliffs, I

and H. B. Robinson auring the three transients was difficult owing to
differences in the amount of detail contained in the available information.

,

The Oconee simulator runs provide significant detail concerning the response !

of the operator during a variety of conditions. However, the table top !
discussions at both Calvert Cliffs and H. B. Robinson not only provided less i

detail, but the information is somewhat lower in quality since there was no
way to easily assess the influence of the performanct.-shaping factors.

To aid in comparisons of operator response, the time available for the
operator to respond before serious consequences occur during a transient can
be considered to comprise two broad time frames. In the first time frame,
the operator is attempting to overcome the affects of the initial fault or
faults while minimizing challenges to the major plant safety functions or
damage to plant hardware. If the operator can bring the plant to a safe
stable state during this time frame, the importance of the transient is
usually considered minor. The second time frame begins when multiple
challenges to the plant safety functions occur as a result of the operator's
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inability to correct the initial fault or faults. A transient that !

progresses into the second time frame is usually considered to be relatively
serious, since several plant safety functions are generally challenged and
the potential for risk-significant consequences are larger.

A comparison of the transient timing results presented in the previous
portion of this subsection for the three plants indicates that the Oconee
plant progresses more rapidly through the first time frame than the Calvert
Cliffs and H. B. Robinson plants for the two feedwater flow upsets
evaluated. For example, during the complete loss of feedwater transient, the
step in the procedures that directs the operator to initiate feed and bleed
cooling is reached at about 7 minutes at Oconee,16 minutes at Calvert
Cliffs, and 64 minutes at H. B. Robinson. Obviously the operators at Calvert
Cliffs and H. B. Robinson have significantly more time to attempt to recover
feedwater before initiating feed and bleed cooling. A similar situation
exists for the overfill transient where the Oconee operator has significantly
less time to terminate the overfeed condition before water enters the steam
line. Based on these results, the Oconee operators would have less time to
mitigate these two transients before the transition was made from what is
considered to be a less serious to a more serious situation. The shorter
available for response could also reduce the capability of the operator to
deal with additional equipment failures or complex operating situations.

An assessment of the effect of shorter time available to recover from the
two feedwater related transient initiators must rely on comparison of
non-response probabilities among the three plants. The non-response
probability for an operator to perform an action or series of related
actions, as determined using the HCR Model, depends on three parameters: the
time available, median response time, and a series of weighting factors to
account for the effect of performance shaping factors. The time available to
prevent initiation of feed and bleed was less at Oconee by a factor of
between two and nine; whereas, while the time for termination of the overfeed
condition was less at Oconee by a factor of between two and five. An
assessment of the median time required for the operator to correct the
initial fault was not available from the table-top task analysis or simulator
trial. However, based on an evaluation of the Emergency Operating Procedures
and the complexity of the equipment involved in the transient initiator
recovery, there is nothing to indicate that the median response time for the
operators at the three plants would vary by as much as a factor of two.
Therefore, the ratio of time available to median operator response time would
be somewhat higher for Oconee than for the other two plants. If

performance-shaping factors were equivalent at each of the three plants, this
higher ratio of time available to median operator response time would
translate into a somewhat higher probability that the operator would not
respond in sufficient time to correct the initial fault for the two feedwater
transient initiators investigated. Based on an assumption of equivalent
performance shaping factors and the known similarities between Oconee and
other B&W plants, the somewhat lower prob ~ ability of recovering the initial
fault for the two transients analyzed may help to explain the perception that
transients tend to progress to a more serious state in B&W plants than in
other vendor plants. However, this result does not carry with it the
implication that progressing to a more serious plant state necessarily
translates into higher plant risk.
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Transition to the second time phase caused by an inability to recover the
initial fault and challenges to multiple safety functions is generally
perceived to be serious. In fact, entry into this time phase may not be
serious if there is a relatively high probability that the operator can
return the plant to a safe stable state without incurring plant damage. It
was not possible to determining non-response probabilities for this time
period based on the HCR Model owing to the lack of data from Calvert Cliffs
and H. B. Robinson. However, the non-response proba
determined to be relatively low, less than about 10 gility fog Oconee wasand 10' , for the
loss-of-feedwater and steam generator overfill transients.

To further compare the potential for the operators of the three plants to
prevent plant damage during this time period, estimates were made of the
probability that the operator would carry out certain critical initigative
tasks for each of the three transients. Selection of the types of tasks was
limited to a relatively narrow set of actions by the type of analysis being
performed. Initially, fault trees were developed to reflect the operator
actions identified in the plant E0Ps for each of the three selected tasks.
Using these fault trees, the operator action failure probabilities were then
quantified using THERP [12] to provide task failure probabilities.
Comparison of these failure probabilities for each of the tasks showed that
they are very similar, well within the uncertainties of the method. Based on
the fact the differences are small, no one plant appears to have a greater
overall potential for the operator to fail to mitigate the transient based on
these tasks.

Although there are other critical tasks that are important for the three
transients, comparison of the procedures indicates that similar results,
i.e., equivalent failure probabilities, are likely for tnese other tasks.
The results, therefore, indicate that although it may be more likely that a
transient in the Oconee plant may progress to a more severe plant condition,
the likelihood that the operators could return Oconee to a safe stable state
is not significantly different than the likelihood that the Calvert Cliffs or
H. B. Robinson operators would recover their plants for the transients
investigated. The validity of this conclusion depends on the assumption that I

the performance-shaping factors at all three plants are essentially !equivalent.

Comoarison of Defense In-Depth

The defense-in-depth for the three plants can be compared by looking at
|the functional response summaries for the three plants based on the current

procedures and plant configuration. The results for the complete-loss-
of-feedwater transient indicate that Oconee provides explicit direction for
use of more success paths and therefore would be more likely to provide
additional defense in depth for the total loss of feedwater transient. For
the LOCA transient, there does not appear to be a distinguishable difference
in the defense in depth for the small break loss-of-coolant accident. In
addition, the plants appear to have the same degree of defense in depth for
the steam generator overfill transient.

I

i

I

l
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Comparison CSF Strateoiel

The resources available for maintaining the criticai safety functions
during transients are quite comparable for the three plants analyzed. There
are some differences in how the resources are prioritized to respond to
safety function challenges. However, these differences in resource |
prioritization are not large enough to cause significant differences in the
capability of the operator to provide and maintain needed safety functions
for the three plants.

The primary difference in the operators' means for providing the safety
functions for the three plants lies in the focus and organization of the
procedures. The H.B. Robinson and Calvert Cliffs proceudres are organized
around clearly defined safety functions. In addition, the operators of both
of these plants are periodically directed to assess the status of the safety
functions using clearly ~ specified measures. Thus, the H.B. Robinson and
Calvert Cliffs operators should always have a clear picture of plant state
and why they are performing the actions specified. The same may not be true
for the Oconee operators. It was apparent from the response tree analyses
that the actions specified in the Oconee procedures are adequate for
maintaining the safety functions for the transients analyzed. The individual
Oconee procedures specifically address maintenance of the critical safety
functions. However, each action appears to be specified in isolation from
the overall objectives of the procedure. The procedural steps are followed
based on the outcome of previous steps. When high-level safety function
parameters are checked, the procedures do not always make it clear why the
parameter is being checked, and what the significance of the outcome is.
Without a clear view of safety function status, it may be possible to become
lost in the procedural logic. A clear definition of the objectives of
transient response, that is, maintenance of the critical safety functions,
can help ensure that reactor operators successfully mitigate accidents.

Operator Burden Comparisons

An approach was designed to compare operator burden based upon the
density of tasks required of the operating crew. The success of this
approach requires that a consistent set of data be collected among the plants
through task analyses conducted in table-top exercises and from observations
gathered during simulator exercises. However, owing to time constraints and
administrative constraints at some of the plants, it was not possible to
collect both types of data at each plant.

Data collection on operator performance included simulator runs at
Oconee; whereas, H. B. Robinson and Calvert Cliffs data were collected from
table-top exercises. Upon comparison of these data it became apparent that
the level of detail was sufficiently different between the simulator data and
the table top task analysis data that detailed comparisons of operator burden
could not be made across the plant types. in an effort to make general
comparisons, operator actions for each transient were compiled from the

! simulator runs at Oconee and the table-top task analysis at H. B. Robinson,
i and Calvert Cliffs. These actions were then tabulated in a time line format
'

to provide a simple means to examine operator burden in terms of task
density. The times and tasks in the time lines were further analyzed by
calcu',ating task density (number of tasks per unit time) for each scenario

,

'
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and plant coabination. Results from compilation of the task densities show
differences among the plants within specific time intervals. For example,
within the first two minutes, for the loss of feedwater event, Oconee and
Calvert Cliffs have significantly fewer actions that H. B. Robinson. While
later in that same event, within the first ten minutes, Oconee and Robinson
have significantly more actions than Calvert Cliffs. These types of
fluctuations are present throughout the data, that is, no consistent,
discrenable trend is apparent. It appears that some combination of task
frequency, task difficulty, and, perhaps, task duration is necessary to be
able to reliably compare operator burden among a group of plants. To
determine that optimal combination and perform the desired comparisons would
require far more detailed data than was available for this study.

RELATION TO OCONEE RISK

The results presented in this section are intended to address the third
objective identified for the program, i.e., evaluation of the significance of
the finding in terms of the risk currently identified in existing
probabilistic risk assessments (PRAs) for the selected plants. PRAs were
available for two of the plants, Oconee and Calvert Cliffs. Evaluation of
these PRAs indicate that the operator was not modeled in sufficient detail in
the Calvert Cliffs PRA to make reasonable comparisons with the program
findings. Modeling of the operator in the Oconee PRA was judged'to be
adequate for further evaluation.

A review of the Human Reliability Analyses used in the Oconee PRA found
no major shortcomings. In fact, many of the major shortcomings of past PRAs j
in terms of proper inclusion of the human element were recognized and j
adequately addressed in this PRA. The HRA process used by Oconee was i

well-planned and well carried-out by the analysts. The human elements were '

included at appropriate levels in the PRA, and diagnostic behavior on the
part of the operator was also included. Performance-shapir.] factors and
dependencies were also considered in the Oconee PRA in an appropriate manner.

j To further assess the Oconee PRA methods and results, three actions
| considered important were quantified using HCR and/or THERP for each
| transient used in this study. The quantification was done to facilitate a

direct comparison of the values found in the PRA and those estimated based on
tnis study, and also te provide a direct comparison of fault trees for
operator actions found in the PRA and those that would be generated during
the quantification process. Differences identified were shown to be well
within the uncertainty bounds associated with the calculated core melt

ifrequency.
I

CONCLUSIONS AND RECOMMENDATIONS

The concludons have been grouped according to the objectives.
Reconmerdatinrs were formulated as based on program results and conclusions.
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4

Conclusions

Conclusions relating to the operational performance of B&W plants first
considers the specific Oconee results and then generalize these findings to
other B&W plants. The results relating to Oconee indicate that the times
required for the operator to return the plant to a safe stable state for the
three transients evaluated are well within the times available. The

relatively small probability that an operating crew would not respond within
the times available, plus the results of operator task density studies,
indicate that operator burden is not excessive for the transients studied.
Based on these results and the fact that the defense in depth of the hardware '

and operations was judged to be adequate for Oconee, it is concluded that the
Oconee operators have a high likelihood of returning the plant to a safe
stable state if confronted with the three transients analyzed.

Results from simulator testing at Oconee show that a strong correlation
exists between operator performance in terms of such variables as time
required to mitigate transients, and the influence of the performance-shaping
factors as perceived by the operator. This close correlation is an indicator
of the major influence the performance-shaping factors can have on the
ability of the operator to properly respond to plant transients. The
correlation was sufficiently strong that a statistical model of the effu.t of
PSF ratings on the time required for the operators to mitigate transients
could be developed. This statistical model predicts that the mitigation time
could theoretically be decreased by up to one order of magnitude, if the PSFs
were improved from worst case to best case.

Generalization of Oconee results to other B&W plants was difficult, owing
to differences in both hardware and operations. The timing of the phenomena
and general thermal-hydraulic response at Oconee are expected to be
reasonably represent other B&W lower loop plants for the transients
analyzed. For Davis Besse, owing to the raised loops and other hardware
differences, the Oconee' thermal-hydraulic results are much less
representative.

The strong correlation between performance-shaping factors and operator
performance identified in the Oconee studies makes extrapolation of Oconee
results highly dependant on an understanding of performance shaping factors
at other plants. However, an accurate determination of a wide range of PSFs
is not possible owing to the limited amount of data related to operatori

performance contained in the TAP reports. Therefore, an accurate estimation
of the operational performance at B&W plants other than Oconee would require
proper collection and analysis of performance-shaping factor data from these
plants. It can be contluded from the Oconee results that if other B&W plants
had equivalent performance-shaping factors, the likelihood that these plants
can be returned to a safe stable state for the three transients analyzed is
high.

Based on the comparisons between results from Oconee, Calvert Cliffs, and
H. B. Robinson, the following conclusions can be drawn. Although it may be
more likely that a transient in the Oconee plant could progress to a more
severe plant state prior to recovery, the likelihood that the operators could
return Oconee to a safe stable state is not significantly different than the
likelihood that the Calvert Cliffs or H. B. Robinson operators would recover

,
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their plants for the transients investigated. The validity of this
conclusion depends on the assumption that the performance shaping factors at
all three plants are essentially equivalent.

Results from the evaluation of the operation of plants show that both
Calvert Cliffs' and H. B. Robinson's procedures explicitly address the
maintenance and monitoring of critical safety functions. The Oconee
procedures do not provide explicit guidance for monitoring the status of the
critical safety functions as a transient progresses. It is concluded that
this lack of continual guidance for monitoring may cause, in extreme cases,
the operator to have problems in overcoming the effects of multiple failures
or previous operator errors.

Based on the evaluation of the Oconee PRA, it is concluded that the human
reliability analysis is systematic and rigorous. Some improvements would be
possible, owing to changes in human reliability analysis over the past
several years, Dat even with these improvements it is not expected that major
changes in core melt frequencies would result.

Recommendations

Recommendations have been developed based on the results and conclusions
of this program and are considered to be applicable to reactors in general
rather than specific only to B&W plants. Implementation of these
recommendations would positively influence performance-shaping factors and
thereby positively influence plant safety. The recommendations are asfollows:

1. Ensure that a plant-specific simulator, which represents the current
plant, both .in terms of physical behavior and configuration, is
available for each plant.

2. Ensure that the simulator is used for procedure validation and
operator training, using a variety of severe, risk-significant and
novel events.

3. Ensure that all operators are given practice in dealing with
stressful, high workload events.

4. Ensure that a feedback loop is in place, from training to procedure
writers and plant engineers, to implement modifications discovered
in training and plant operations.

5. Ensure that Licensee Event Reports are monitored for performance
shaping factors as a performance indicator.

These recommendations, if used, would provide operations personnel with
the opportunity to implement all of their procedures during severe
risk-significant transients so that they would have practical experience in
the use of the procedures and plant equipment should an actual transient

This type of training also provides them the necessary exposureoccur.
during stressful events to help reduce the stress and perceived workload
during an actual event. Measurements of the operators perception of the
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important performance shaping factors can also be made to provide and
indication of the expected performance of the operating crews during a future
transient.
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UPTF EXPERIMENT
FIRST INTEGRAL TEST WITH COMBINED

ECC INJECTION
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Abstract

The first integral test was run in the Upper Plenum Test i'acility (UPTF) - a 1:1

representation of a PWit primary system. A double-ended cold leg break under

evaluation model type (EM) conditions with combined ECC injection was simulated

in this test. The focus was on the thermohydraulic phenomena in the upper plenum

and downcomer as well as in the cold and hot legs under transient conditions. Of

special interest were the thermohydraulle interactions between the above mentioned

regions.

1.Introduct! g

The Upper Plenum Test Facility (UPTF) Experimental Program, sponsored by
the Ministry for Research and Technology (BMTF)!s the German contribution to

the trilateral 2D/3D Project, and is performed within international cooperation
among Japan (JAERI), USA (USNRC) and the Federal Republic of Germany
(BMPI').
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The UPTF simulates the primary cooling system of a KWU 1300 MW PWR The |

system configuration of UPTF is shown in Figure 1, and major dimensions of the
facility are depicted in Figure 2. The upper plenum including internals, the
downcomer and the four connected loops are represented in 1:1 scale. The core is !

simulated with controlled injection of steam and water supplied from external

sources.

The three intact loops are equipped with flow testrictors to simulate the reactor

coolant pumps, and with steam / water separators representing the steam
generators. The hot and cold legs of the broken loop lead through steam water
separators and break valves into the containment simulator. Breaks of variable
sizes can be simulated in the hot and in the cold leg respectively. A first integral
test with combined ECC injection was performed in December 1986, according to

the internationally agreed upon test matrix.

2. Test Objectives

The first UPTF-integral test was a transient test with combined ECC injection
simulating a double-ended cold leg break of the main coolant line between pump i

and reactor pressure vessel. This t:st was run under EM (evaluation model)
boundary conditions. The goal of this test was to investigate in a full scale facility
the overall system thermobydraulic behaviour and the thermohydraulic
phenomena in the upper plenum, tie plate region, downcomer and loops during
end-of blowdown, refill and reflood phases following a LOCA, with a simulated

double-ended coldleg break.

The following thermohydraulic phenomena and data were of special interest in ,

the Downcomer and Cold Lees Area :
;

Occurence of water plugging,its time history and plug oscillations in the cold-

legs

Rate of effective ECC delivery to downcomer and rate of ECC bypass out of the-

downcomer via the broken loop
;

Location of water downfiow paths in the downcomer-

,
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The focus of the testin the Upper Plenum. Tie Plate and Hot Leg Area was on the:

Water plug formation, its time history and plug movement in the hot legs-

Rate of effective ECC delivery to the upper plenum for hot side ECC injection-

Spatial and temporal relation between ECC delivery from the hot legs e.nd the-

water breakthrough events detected at the tie plate.

Steam and water mass flow distribution at the tie plate-

Integral tests with combined ECC injection have been performed in several scaled-

down test facilities. Of special importance are the testa performed in the PKL test

facility at KWU (PKL II scaling factor 1:145) and the tests performed at JAERI
within the 2D/3D Program in the CCTF and SCTF facilities (scaling factor 1:24).
The experimental data from these test facilities show a quick core quench for the
combined ECC injection mode, when intermediate size up to double-ended breaks
are simulated. It can be expected that the core quench time decreases when the

geometrical radial scaling factor of the test facility approaches unity.
Subsequently the water penetration through the tie plate and the downcomer into
the core region is less affected by simultaneously upflowing steam than in scaled-

down test facilities. For that reason the focus of the first UPTF integral test was
on water breakthrough phenomena in the PWR primary system. As there were no
water breakthrough data related to full-scale PWR geometries ava!!able before
UPTF,in the past the scaling laws for water breakthrough limitation were derived
from experimental results obtained in scaled-down separate effect test facilities.

3. Initial and Boundary Conditions of the Test. Test Procedure

All relevant initial and boundary conditions applied to the first integral test are
depicted in Figure 3 and 4.

Initialconditions

The pressure in the primary system before the test was 18 bar and in the
containment - 4 bar with the two systems separated by closed break valves.
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,

An initial amount of 8900 kg of saturated water, stored in the test vessel, was i

intended to cause Dashing during the depressurization phase and to contribute to

the test conditioning during the first stage of the test transient.

The pump simulators in the intact loops were set to a flow resistance factor of
K = 12 (related to 750 nun loop diameter) to simulate a running pump. A factor

~ K = 18.2 was used for the simulation of a blocked pump in the broken loop,

i

Boundarsconditions

The configuration of the ECC injection was based on the assumption of an
evaluation model concept simulating a hot side single failure, one hot side

4

accumulator in repair and no ECC injection into the broken cold leg.

The nitrogen injection into the ECC water was in operation to simulate the
nitrogen dissolved in the ECC water. The break valves were opened within 4 s
after activation.
To simulate the steam generator response during the transient the steam injection

into the steam generator simulators was activated.

Steam injection into hot loop 2 was active to simulate the pressurizer.
2

The core simulator feedback and correction system (CSFS) was activated to
"

simulate the core response, whenever a massive breakthrough of subcooled water

from the upper plenum into the core region occured, and to correct the base steam

injection, when the water level in the core region, measured during the test,
deviated substantially from the water level corresponding to the base steam
injection.
Water breakthrough from the upper plenum into the core simulator region of

1 UPTF is measured by means of 94 Break Through Detectors and 36 Drag Bodies

installed in the tie plate area. When water breakthrough occurs in a PWR fuel

] assembly the heat transfer from the unquenched fuel rods to the surrounding fluid

! increases rapidly. To simulate such an assembly response, the core simulator
steam injection rate into a UPTF core simulator zone affected by water
breakthrough was increased according to the increased heat transfer in the real |

reactor fuel assembly. In this test the CSFS was activated in the event of water
breakthrough when the measured water downflow rate exceeded 13 kg/s per fuel

assembly.,

4

In addition to the core simulator feedback system injecting additional core steam

| as a function of tie plate water breakthrough rates, a core simulator correction
; system was used to compensate for the deviation of core collapsed level measured
i

l
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;

during the test from the water level determined by a GPWR-TRAC prr, test
calculation. The core simulator base steam flow rate corresponded to the

,

! precalculated core collapsed water level.

Consequently the total steam injection rate MSTEAM, TOTAL via the core simulator
was the sum of three components

M STEAM, TOTAL = MBASE + MBT + Mali

where

MaASE - core simulator base steam flow rate determined by the GPWR-
TRAC pretest calculation

MBT - additional steam injection rate whenever massive water
breakthrough occured

Mali - base steam flow rate correction to compensate for core collapsed
water level deviations.

The water injection rate MWATER, TOTAL via the core simulator was proportional

to the base steam flow rate to simulate the water entrainment in the core during
the test transient

M ATER, TOTAL = K*MBASEW

The time series plots of the relevant boundary conditions are depicted in Figure 4.

Test procedure

To establish the conditions in the UPTF primary system similar to those expected

in a reactor primary system during a LOCA transient, a conditioning phase ;

preceded the actual test phase. The following parameters were optimized by means |
of UPTF-TRAC calculations to reach the thermohydraulic conditions in the |
primary system expected at 10.5 bar: |

j4

l
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Activation and opening time of the break valves-

Initial saturated water mass stored in the lower plenum-

I

Steam injection rate through the core, steam generator and pressurizer
'

-

simulators

;

ECC water injection rate into the primary system-

A list of significant events during the test transient is given in Table 1. It shows,
that the conditioning phase (18 to 10.5 bar) lasted for 5 s.

4. Test results

4.1 Overall system behavior

During the end-of blowdown phase (28 to 40 s), following the conditioning phase,

the pressure in the test vessel decreased from 10.5 bar to the actual pressure in the
containment simulator dry well (3.8 bar), see Figure 5. The water level in the
lower plenum started increasing afterinitiation of the transient phase and reached

the lower end of core barrel at 38 s.

The refill phase ended at 49 s when the water level reached the elevation in the
core simulator equivalent to the lower edge of the active fuel length. The water
injection into the core simulator started at 53 s (see Figure 4).

1

At 54 s the main drainage system started to drain water from the lower plenum of
the test vessel to maintain the mass balance. The reference value of the drainage

rate corresponded to the steam and water mass flow rates injected through the core

simulator plus the steam mass flow rates injected into the steam generator
simulators.

The collapsed water level in the downcomer increased sharply at 40 s (see Figure 5)
At 58 s the downcomer was filled and water fic.wed through the cold leg of broken

'

loop.

The test was terminated at 65 s by the Fast-Automatic-Shutdown System (FASS),
,

I to avoid water penetration into the core simulator steam injection pipes. At this
'

a

l
i
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| time the collapsed water level in the core reached approximately 5 m
(see Figure 5).

4.2 Thermohydraulic Phenomena Observed in the Hot Leg and Upper Plenum
Region

Water breakthrough events at the tie plate, typical for het leg ECC injection, are
depicted in Figure 6. The subcooled ECC water Dowing out of the hot leg broke
through the tie plate into the core region. The breakthrough locations and areas

are indicated by the Break Through Detectors forces. The hot leg ECC injection
into intact loops 2 and 3 started at 26 s. Figure 6 shows that the first water
breakthrough occurred near hot legs 2 and 3 immediately after the start of ECC
injection.

The location of water breakthrough was always near the injecting hot legs only.
The change in breakthrough location with time was because of the discontinuous

ECC delivery from the injecting hot legs 2,3 and 4. It should be pointed out that
ECC injection into hot leg 4 was delayed (start at 34 s).

The histogram representing the duration of upuow and downDow of Guid across
;

the tie plate near the hot leg is depicted in Figure 7. Using this histogram the '

downnow periods through the tie plate near the injecting hot legs can be compared
with the ECC delivery period. For example in the period from 47 to 57 s there was

no water breakthrough at the tie plate near hot leg 2 because of no water delivery
out of this hot leg.

1

The data for injection zone 21 near loop 3, shown in Figure 8, indicated a massive

water breakthrough at 36 s which was not stopped by the sharply increasing steam

mass now rate injected into this core simulation zone as a core feedback response. |
! The Guid temperature measured 10 mm below the tic plate indicated subcooling

during water downDow.

A comparison of the core simulator steam injection rate with the Flow Module
Turbine velocity also shows that the change from water downDow to cocurrent i

upuow of steam and water droplets was not caused by the core simulator steam
and water injection.

The signals from the wide range differential pressure measurements indicated a !
!

rapid change of water _listribution on the tie plate. The wide range dirTerential !
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pressure decreased during increasing void fraction on the-tic plate, when the
vertical Flow Module Turbine indicated upward Dow.

The characteristic of the data for injection zone 25 near loop 2, as shown in
'

Figure 9, is similar to that of zone 21. Both zones are near ECC delivery hot legs.

The coeurrent upnow period between 47 and 57 s in front ofloop 2, accompanied by

discontinuous ECC delivery out of the hot leg, was well indicated by the Break
&

Through Detectors signals. Figure 10 shows the existence of a water plug in hot leg
'

2 and the movement of this water plug which is the reason for the discontinuous
ECC delivery. At 47 s the differential pressure between the upper plenum and hot

leg 2 increased indicating an increased two phase now in hot leg 2.This two-phase
now led to a reversal of the ECC water Dowing out of the denector nozzle between

47 and 57 s. At 50 s the Guld density measured by the Gamma Densitometer (PFM)

showed a quick increase indicating a completely water filled pipe cross section.
,

Also the Pipe Flow Meter drag paddles measured increased positive Guid force
which indicated that the water plug was Dowing towards the steara generator
simulator between 49 and 56 s.

From 55 s to SC s the PFM forces changed their direction indicating that the plug

was moving towards the upper plenum leading to a massive water breakthrough
4

at the tie plate near loop 2 at 57 s.
j The Gamma Densitometer (PFM) showed high Duid density in the hot leg, and

there was also an indication of a water levelin the SG inlet chamber till the end of

the test (65 s).
,

h

1
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1
4.3 Thermohydraulic Phenomena Observed in the Cold Lest and Downcomer |
Retrion

The distribution of subcooled ECC water along cold leg 2 is indicated by the fluid
temperature measurements shown in Figure 11. ECC water injection into the j
intact loops cold legs was started at 26 s. TC stalk 3 measured subcooled water
immediately after the start of ECC injection showing water flow towards the
downcomer. After a short delay the TC stalks 3,4 and 5 indicated subcooled water

at all TC positions. This indicates, that a water plug was quickly fonned covering
the locations of TC stalks 3,4 and 5. This water plug filled the loop cross section-

completely and existed till the end of test, moving to and fro in the cold leg with a

frequency of about 0.3 Hz. The fluid temperatures of stalk 6 near the pump
simulator showed saturation temperature till 30 s. Thereafter the fluid,

temperatures measured at the lower positions of the TC stalk decreased in an
oscillatory manner indicating that a subcooled water wedge was approaching the
pump simulator causing the filling of the pump seal.'

The water flow paths in the downcomer can be studied by means of the fluid
temperatures. In Figure 12 the fluid isotherms are plotted in the unwrapped ,

downcomer for particular instants during the test transient. The axial fluid '

velocities measured by means of the turbines located at the lower end of the
~

downcomer are also indicated in these figures. The cold leg ECC injection started
at 26 s. At 30 s subcooled water out ofloop 2 reached the downcomer. At the same

|
time the fluid density in the broken cold leg began to increase. The downcomer
fluid temperature distribution at 34 s and 36 s show that ECC water coming out of |

'loops 1,2 and 3 was bypassed partially to the broken cold leg. The first water
breakthrough of subcooled water into lower plenum occured at 38 s. During the
period from 40 to 58 s no water discharged from the broken cold leg.

'

The delivery of ECC water to the downcomer was discontinuous due to oscillations

of water plugs in the cold legs. This discontinuous delivery resulted in rather
complex fluid temperature distributions in the downcomer during the refill and
the reflood phases. Significant water delivery to the lower plenum started at 42 s.

At 58 s the downcomer was filled with subcooled water and the measured data in
the broken cold leg showed unsteady overflow. )

!

!

: The oscillatory fluid velocities with occasional flow reversal, measured by the
turbine meters in the downcomer near the lower end of the core barrel, indicated ;

,

!

|
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,

unsteady water mass delivery to the lower plenum during the transient. The fluid

temperature in the downcomer below the centerline ofloop 2 is depicted in Figure
13 for several vertical positions. It is quite evident from this figure that the sharp
drop of fluid temperature in different vertical positions at different instants
indicated the flow path of the water plug through the downcomer.The water plug
needed approximately 8 s to reach the lower plenum.

|
1

5. Ma_ior Findings and Conclusions
.

!

:
The main findings from the first UI'IT integral test can be summarized as follows: '

Almost immediately after the start of the ECC injection the collapsed water-

level in the lower plenum started to increase continuously indicating a
remarkably effective delivery of ECC water to the lower plenum and core

'

region.
:

During the end-of-blowdown phase this collapsed water level increase was-

caused mainly by the hot side injected water

- During this phase a fraction of the cold side injected water was bypassed via the

broken loop nozzle and did not contribute to the refill process in the lower
plenum.

Regarding the Cold I.ee and Downcomer Region it was observed, that

After the start of the cold side ECC injection the pipe between injection nozzle-

and downcomer is filled completely with subcooled water. The ECC water
enters the downcomer approximately 7 s after start of the ECC injection

Due to oscillations of the water plugs in the cold legs the water delivery into the-

downcomer was intermittent

The water flow in the downcomer can be characterized by the following threea -

4 phases

.

516

__ -



== _ - - - _ _ _ _

.

!

- The ECC bypass phase, which lasted for appr. 8 s after the first
water had entered the upper part of the downcomer

- The complete delivery phase lasting for 20 s, when the total cold
side injected ECC water contributed to the refill process

- The downcomer overnow phase, which started 35 s after start of the
test.

With respect to the Ilot Lee and Upper Plenum Region it was observed, that

- The breakthrough zones were located in front of the injecting loops

The water breakthrough events at the upper tie plate occured intermittently-

because of the unsteady ECC delivery from the hot legs

The pressure difference between upper plenum and downeomer combined with-

condensation effects at the injection ports caused steam / water countercurrent

flow in the intact loop hot legs when ECC water was injected in both legs.
Countercurrent flow led to water flow reversal and plug formation in the hot
leg. The ECC delivery into the upper plenum was temporarily stopped when the

water plug was formed and/or moved towards the steam generator simulator.

After the plug formation was completed a substantial ECC delivery into the
upper plenum occurred causing extensive breakthrough phenomena at the tie
plate.

These breakthrough processes were not stopped even when the core simulator-

feedback system increased the steam injection substantially. |
:

l

!
;

1

|
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Action (in order of occurence) Time on

Plots

e Start-up of the data acquisition system 0

e Opening of the cold leg break valve 23

e Start of the steam injection through the core, steam generator 25

and pressurizer simulator

e Startof ECC injection 26

* Opening of the hotleg break valve 27

e Pressure of primary system p = 1050 kPa; start of actual test 29

phase

e Activation of core simulator feedback system 32

e Water level reached lower edge of core barrel 38

e End-of blowdown 40
.

e Water level reached a value corresponding to lower edge of 49

active core

e Start of core simulator water injection 53

e Activation of Fast Automated Shutdown System (FASS) 65

Table 1: LIST OF EVENTS DURING TEST TRANSIENT;
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UPTF TEST RESULTS !

;

I

!
'

FIRST DOWNCOMER CCF TEST

BY

.

h

R.J. H ERTLEIN, P.A. WEISS

SIEMENS AG

UB K W U
!

8520 ERLANGEN (FRG)

Abstract

The first downcomer countercurrent flow test was run in the Upper Plenum Test

Facility - a 1:1 representation of a PWit primary system, in this downcomer separate
'

effect test the simultaneous steam up or two-phate mixture up and water downflow

phenomena were investigated.
{
!

1. INTRODUCTION

The Upper Plenum Test Facility (UFFF) Experimental Program, sponsored by
the Ministry for Research and Technoiogy (BMPT)is the German contribution to

the trilateral 2D/3D Project, and is performed within international cooperation
among Japan (JAERI), USA (USNRC) and the Federal Republic of Germany

)(BMFT).

.
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!
A short description of the UPTF is given in the presentation "UPTF Test Resulta-

FirstIntegral Test with Combined ECC Injection"included in these Proceedings

|
of the Meeting.The separate effect test No. 5, focusing the simultaneous steam up

j or two-phase mixture up and water downnow in a PWR downcomer, was

| performed during January 1987 according to an internationally agreed upon test
,

I
matrix.

In the following a summary of the test objectives, initial and boundary conditions,

test results and major findings is given.

; 2. TEST OBJECTIVES
:

The objective of test no. 5 was to investigate the three dimensional simultaneous
steam or two-phase mixture up flow and water downnow in the downcomer of a

pressurized water reactor (PWR). In test no. 5 subcooled water was injected into
three intact loop cold legs via the ECC injection nozzles. The goal of test no.5

was to investigate which part of the injected ECC water penetrates to the lower;

plenum. Of special interest were the location of water breakthrough areas in the

! downcomer relative to the injecting coH legs and the broken cold leg nozzle, the ,

water accumulation in the lower plenum, the duration of ECC bypass via the
broken cold leg nozzle and the beginning orlocal water breakthrough related to

the start of ECC injection.

3. INITIAL AND ROUNDARY CONDITIONS. TEST PROCEDURE

The test was performed in two phases, a transient phase (phase A, RUN 063) i

starting from 18 bar and decreasing to containment pressure and a pseudo-steady :

test phase (phase B, RUN 062) starting with broken cold leg break valve open.

At start of test phase A the break valve simulating the vessel side of the cold leg

break was opened over a 4 s time period. Two-phase mixture up0ow in the
downcomer was produced in test phase A by Gashing of 13 200 kg of saturated

water initially stored in the lower plenum.

In the pseudo-steady phase B steam up0ow was established in the downcomer by

steam injection into the core aimulator system. The steam mass now rate was ;
'

ramped down from 322 kg/s to 309 kg/s during the test period. No water was
initially stored in the lower plenum in test phase H.

5 34
,

i
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I

In both test phases the pump simulators in the intact loops were blocked and the

broken hot leg break valve was closed, so as to force steam or two-phase mixture i

to flow around lower edge of core barrel.

I

During both test phases a containment simulator pressure of 2.5 bar was used and
'

an ECC mss flow rate of 500 kg/s was injected into each of the three intact loop 1

mld legs. The ECC temperature was 30'C. '

|

Accor Eng t1 the test enneept in test phase A the ECC injection could be activated

only, when two-phase mixture upflow had been fully established.
:

For that reason the delay between start of ECC injection and first water
penetration into the downcomer was studied in a pretest. Based on this pretest
results in test phase A the ECC injection into the three intact loop cold legs was
initiated 5 s prior to the break valve opening.

'In test phase B core simulator steam injection started 8 s before start of ECC
injectiou such, that the downcomer steam upflow rate was at maximum when the I

. ECC entered the downcomer.
1

To simulate the dissolved nitrogen in the ECC water a mass flow rate of 0.31 kg/s
nitrogen was specified to be injected into the ECC line upstream of each activated
injection port.

4. TEST RESULTS

4.1 TEST PHASE A
<

| In the transient test phase A te ECC injection started at 24 s plot time (time = 0
is arbitrary). Due to steam condensation on the cold ECC water the test vessel;

pressure started to decrease at the same time as shown in Figure 1. At 29 s when

the break valve began to open, the test vessel pressure reached 14.3 bar. I

|

Figure 3 shov.: fluid temperature data measured by the TC stalks of cold leg 2
Immediately afkr start of ECC injection a subcooled water plug was formed. As-

j indicated by the TC stalks the water plug first formed near the ECC injection port
j (near stalks No. 5 and 6) and filled the cross section of the pipe completely. As the
j fluid temperatures measured by one stalk were close together the water plug had
4

j
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relatively steep fronts. At 28 s (4.5 after start of ECC injection) the subcooled
water plug had grown until it covered stalks No. 4,5 and 6.

The fluid temperatures measured by stalk 6 between ECC port and pump
simulator increased again at 30 s, indicating that the plug moved towards the
downcomer at this time. TC stalk No. 3 and the Guid TC in the downcomer below
cold leg 2 measured subcooling at 31 s, indicating that the water plug had reached

the downcomer.

An analysis of the TC stalk temperatures in cold leg 2 indicated a change in now
direction at 33 s. In the period 34 to 37 s almost no ECC was delivered to the
downcomer by cold leg 2. Delivery to the downcomer out of this cold leg was
reestablished at 38 s and lasted till the end of this test phase (50 s).

Similar water plug formation and cscillations were indicated by the fluid.
temperatures measured in intact loop cold leg 1 and 3.

ECC water injected into cold legs 2 and 3 entered the downcomer at 31 s. The Guid
TC's in the downcomer at elevation 5.25 m below cold leg center line measured

water subcooling at 32 s below cold leg 2 and at 39 s below cold leg No. 3. Also the

turbines located near the lower end of the core barrel in the downcomer showed a
now direction corresponding to water downnow at 32 s below cold leg 2 and at 39 s

below cold leg 3.

These TC and turbine data lead to the conclusion that the cold water plume
originating fram cold leg 2 and 3 fell to the lower plenum without being strongly
affected by the upuowing two-phase mixture.

A different now direction of the cold water plume originating from cold leg I was
indicated by the temperature and velocity measurements below this cold leg. No
water subcooling was measured below cold leg i before 42 s.

The Pipe Flow Meter densitometer (see Figure 2) and the fluid temperatures in
the broken loop cold leg indicated subcooled water flowing out via the broken cold
leg immediately after ECC injected into cold leg 1 had reached the downcomer.
Also the fluid temperature measurement between cold leg i and the broken cold
leg showed subcooled temperatures at 31 s.
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The downcomer measurement positions around cold leg 1 indicated that the
upfkwing two phase mixture prevented the subcooled ECC out of cold leg i from ;

flowing directly to the lower plenum. At least part of this ECC mass now rate was !

bypassed via the broken cold leg nozzle out of the test vessel, j

The development of the cold water plumes in the downcomer during the transient I

can be followed by means of the contour plots shown in Figure 4 and 5 for a series

of times. Lines of constant fluid temperatures are shown in the unwrapped
downcomer in these figures. These contour lines can only be interpreted '

qualitatively due to the limited number of downcomer thermocouples from which
they were developed, but they are us ful for showing an overall picture of
downcomer penetration. Fluid tempera s.res measured in the intact loop cold legs

implied that no ECC was delivered to the downcomer in the period 34 to 38 s.This
finding is in agreement with the broken cold leg Pipe Flow Meter Guid density
data shown in Figure 2.

i
l

IThe collapsed water level in the lower plenum based on DP measurements is
1depicted in Figure 6.

An estimation of the total amount of coolant leaving the primary system through |
the broken loop cold leg nozzle during the test period from 20 to 55 s results in |
approximately 18 000 kg of water. |

|

4.2 TEST PHASE B

|

The core simulator steam now started at 22 s, eight seconds before start of ECC

injection (see Figure 11).

The ECC injection started at 30 s. Fluid temperature measurements in the intact
loop cold legs indicated that a subcooled water plug was formed immediately after
start of ECC injection in each intact loop cold leg. The water plug moved to and
fro.This oscillatory movement was clearly shown by TC stalk 6 in cold leg 2. Plug

formation and movement observed in this test phase were similar to that
measured in the transient test phase A.

ECC entered the downcomer at 36 s. Measured fluid temperature distributions

plotted in the unwrapped downcomer shown in Figure 8 and 9 indicated that the
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cold water plumes originating from cold leg 2 and 3 fell 'a the lower plenum
without being strongly affected by the up0owing sten .

The cold water plume originating from cold leg 1 (near t broken cold leg) was
forced by the upflowing steam not to take the shortest way to the lower plenum.
The same behaviour was observed in test phase A.

A smoothed mean value of the water mass collected in the lower plenum versus
time is depicted in Figure 10.The increase of the collected water mass was almost
the same as the injected ECC water mass. This was possible because the steam
mass condensed by the subcooled ECC increased the downnowing water mass.

A small but increasing fraction of the injected ECC water was carried out of the
broken cold leg nozzle after 42 s, by the steam leaving the primary system. The
test vessel pressure in test phase B is depicted in Figure 7.

5. MAJOR FINDINGS

The test results show a marked imtnediate local breakthrough and downflow-

of the subcooled ECC water delivered by cold legs No. 2 and 3 for both steam
and two-phase mixture upflow.

- The upDowing two phase mixture and also the upGowing steam prevented the

subcooled ECC Dowing out of cold leg 1, which is next to the broken cold leg,

from Dowing over the shortest path to the lower plenum. For the steam only
case it took a curved path but reached the lower plenum.

Water bypass via the broken cold leg was observed for two-phase upRow.-

Almost no water bypass occurred when 320 kg/s of steam were flowing
upwards in the downcomer in test phase B.

Water plugs were formed in all intact loop cold legs immediately after start of.

ECC injection. The water plugs existed throughout the ECC injection period
and moved back and forth.

ECC delivery to the downcomer was consistent with the water plug-

movement. Also the ECC delivery appeared to be intermittend and the water
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bypass periods measured in test phase A are consistent with periods of ECC
delivery to the downcomer.

The boundary condition of no intact loop Dow chosen in this test caused the-

high two phase upflow necessary for water downflow limitation. This
boundary condition is untypical for the end of-blowdown phase of a
pressurized water reactor. For that reason, the bypassed water mass flow rate

measured in this test can not be transferred directly to a pressurized water
reactor analysis.
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Fulti-Dimensional Effect Found in SCTF Reflood Tests for US/J PWR*

Hiromichi ADACHI, Tadashi IGUCHI, Takamichi IWAMURA,
Akira OHNUKI, Yutaka ABE, Hajime AKIMOTO,

Tsutemu OKUB0 and Yoshio MURA0
(Japan Atomic Energy Research Institute)<

Abstract---Multi-dimensional core thermal-hydraulic behavior in the
reflooding process of a large break loss-of-coolant accident was
studied with Slab Core Test Facility (SCTF) for pressurized water
reactors with cold leg injection type emergency core cooling system,
which are operated mainly in the United States and Japan.
The most remarkable finding is enhancement of heat transfer in the

high power bundles due to radial power distribution eff ect.
The effect always reduces the turnaround temperature of the high
power bundles. Increase in heat transfer coefficient in the high
power bundles can be predicted with an empirical correlation pro-
posed in this paper as function of local radial power ratio and
radial peaking factor.

1. Introduction

Slab Core Test Facility (SCTF) Test Program (Ref.1) is a part of the large
trilateral research program called 2D/3D Program on reflooding thermal-
hydraulics among the United States (US), Federal Republic of Germany (FRG)
and Japan together with Cylindrical Core Test Facility (CCTF) Test Program.
Multi-dimensional core thermal-hydraulic behavior during reflooding process

was studied for pressurized water reactor (PWR) with cold leg injection typc
emergency core cooling system (ECCS) by using mainly SCTF Core-I and Core-II
(Refs. 3-9) and partially Core-III. Since this type PWR is operated mainly in
the US and Japan, it shall be called US/J PWR in this paper.
Described in this paper is summary of SCTF test results on multi-dimensional

thermal-hydraulic behavior in a US/J PWR core.

2. Test Facility

SCTF core simulates the slab shaped part of full heightxfull radiusxone bundle
width which is extracted f rom 1,100 MWe class FWR core as shown in Fig.l. It
consists of eight full scale, electrically heated simulated fuel bundles.
Bundles 1 is designated central bundle and Bundle 8 is designated peripheralbundle. Heating power for each bundle can be controled independently.
SCTF has accumulator injection system (Acc) and low pressure coolant injectionsystem (LPCI) as ECCS.

On the other hand, primary system of SCTF is, as shown in Fig.2, simply
designed one without active steam generator. More detailed information fer
SCTF is given in Ref.2.

* The work was performed under contract with the Atomic Energy Bureau of
Science and Technology Agency of Japan.
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3. Types of Multi-Dimensionality

Two types of nulti-dimensional thermal-hydraulic behavior were observed
(Ref.7) in the reflooding core as illustrated in Fig.3.
One is caused by radial power distribution in the core. Heat transfer coef-
ficient is increased in the high power bundles and decreased in the low power
bundles by the effect, as shown in Fig.4, f or given distance f rom the
approaching quench front. Nominal water fraction calculated from differential
pressure data without pressure loss correction is, on the other hand, larger
in the high power bundles and smaller in the low power bundles. As the
resluit, heat transfer coefficient data and nominal water f raction data f all

on a line within only a small error band, although some ef f ect of spacers seems
to exist. SCTF Core-I data (Ref.5) are shown in Fig.5 as an example. This
relationship between heat trasfer cof ficient and nominal water f raction sug-
geste that converging of water flow to the high power bundles results in the
excellent cooling of the bundles (Refs.5,8).
The other kind of multi-dimensional core behavior is caused by non-uniform

water distribution on the UCSP as illustrated in Fig.3(b). Higher upper plenum
collapsed water level in the peripheral side restricts the discharge of core
fluid and then two-phase flow in the core converges to the central side. As
the result, quench front propagaticn in the upper part of the peripheral
bundles delays, as seen in Fig.6, not only in a flat power distribution test
but also in a steep power distributien test of which bundle power is the.,

minimum at the periphery. Hcwever, peak clad temperature (PCT) is not affected
by the effect becasuse the non-uniform water distribution is developed af ter
appearance of PCT.

4. Parameter Effects

Ef fects of various test parameters on multi-dimensional core thermal-hydraulic
behavior due to radial power distribution effect were studied.
Studied test parameters are system pressure, flooding velocity, core inlet

subcooling, total power and initial stored energy in the core (Ref.5) .
Each test parmeter shows only little ef fect on the dif ference in heat transfer

coefficient between the high power bundles and the low power bundles for given
distance from the approaching quench front. For example, Fig.7 compares heat
transfer coefficients in the highest and the lowest power bundles between two
tests with different system pressure.
Both tests show almost the same difference in heat transfer coefficient

between the highest and the lowest power bundles, indicating almost the same
degree of multi-dimensionality.
Multi-dimensionality of core heat transfer is also almost the same between

SCTF and CCTF tests with the same radial power ratios as shown in Fig.8. Core
cross section is circular in CCTF and slab in SCTF. Representative core radius
of CCTF is only about 1/4.5 times that of SCTF. However, degree of multi-
dimensionality in core heat transfer is almost the same between the two tests,
indicating that multi-dimensional fluid behavior is not affected so much by
geometrical shape and size of the core cross section in a relatively large core
such as SCTF and CCTF. This is considered due to very small horizontal flow
resistance (Ref.5) of slanting two-phase flow in rod bundles. From this fact,
slab shape of SCTF core is justified and also scale of the CCTF is considered
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enough even from the view point of multi-dimensionality simulation.

5. Reduction of PCT

Clad temperature is decreased in the high power bundles (Ref.6) and increased
in the low power bundles due to the radial power distribution effect. Shown in
Fig.9 is calculated clad temperatures for the common power and initial stored
energy condition by using the heat transfer coefficients measured in steep
power' distribution test (Test S2-06) and flat power distribution test (S2-SH2),
indicating an evident reduction of clad temperature in the high power bundle.
In this case, reduction of turnaround temperature at the elevation of 2.760 m
of the high power bundle with local radial power ratio of 1.2 is 89 K.
Reducticn of clad temperature and that of the turnaround temperature are shown
with respect to bundle number in Figs.10 and 11, respectively, based on similar
calculations.
Reduction of the turnaround temperature of T/C elevations 4 through 8 (1.730
through 2.760 m from the heated length bottom) of the bundles with local radial
power ratio of 1.2 in the various SCTF tests is summarized in Fig.12. Each
bundle shows a convex characteristics on the graph, indicating that large
reduction of the turnaround terperature is realized in the upper half of the
core although at low elevations reduction of the turnaround temperature is
small. Since PCT appears in the upper half of core, this characteristics is
quite desirable from the view point of reactor safety. In most cases, the

;

maximum turnaround ter.perature in each bundle appeared at T/C elevation 6
(1.905 m from the heated length bottom) although the predicted elevation based
on heat transfer coefficient data from the corresponding flat power distribu-

tion test was T/C elevation 7 (2.330 m). Taking this movement of the maximum
turnaround temperature point into account, reduction of the maximum turnaround
temperature in each bundle reached upto 130 K.
As seen in Fig.12, turnaround temperatures in the bundles with local radial

power ratio of 1.2 always reduced, except only two data which were considered
to be af fected by top-down cooling. Therefore, if radial power distribution
ef fect is ignored as in the current licensing procedure, a potential conser-

'

vatism can be expected. Larger additonal safety margin due to radial power
distribution effect can be expected under more severe core cooling condition,-

because delayed turnaround of clad temperature due to poor core cooling gives
long integration time for the effect of increased heat transfer coefficient
until the turnaround. Difference in turnaround temperature reduction between
Test S2-06 and S2-12 in Fig.12 is a good example of such fact because' differ-
ence in initial flooding velocity resulted in the different turnaround
characteristics in these two tests.

6. Effect of Radial Power Ratio

As described in Section 4, radial power distribution effect is not affected ;

so significantly by various test parameters but determined by radial power |

distribution only. To make the characteristics of radial power distribution
effect more clear, two SCTF Core-III tests with dif f erent radial power |
distribution shape were performed: one is Tes t S3-15 with inclined power |

distribution and the other is Test S3-16 with convex power distribution as
illustrated in Fig.13. Based on the relationship between increase or decrease

|
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in heat transfer coefficient from the value for flat power distributicn test
(Test S3-14) and distance f rom the approaching quench f ront shown in F13 14,
average increase or decrease in heat transfer coef ficient was evaluated as
shown in Fig.15 with respect to local radial power ratio which is correspending
to each bundle. CCTF data are also shown in this figure for reference. Sicce
radial power distribution shape is different in these two tests, only one
circulational flow was observed in Test S3-15, on the other hand, two circula-
tional flows in Test S3-16 as illustrated in Fig.13. However, the same

increase or decrease in heat transfer coefficient is realized in the same
local radial power ratio as shown in Fig.15. This means power distribution
shape is not important but local radial power ratio is essential. The fact
that CCTF data showed almost the same degree of multi-dimensionality as SCTF
data under the same radial power ratios as described in Section 4 supports this
understanding, because dif ference in geometrical shape and size of the core
cross sections of these two test facilities gave almost no effect on multi-
dimensionality of core thermal-hydraulic behavior.
Actually speaking, increase or decrease in heat transfer coef ficient is

af fected also by the maximum local radial power ratio, i.e., the radial peaking
factor as shown in Fig.16. That is, in the larger peaking factor, the larger
increase in heat transf er coef ficient can be expected. From this fact, even
average power bundles show some enhancenent in cooling.
By assuming function form and applying the least square method, increase or
decrease in heat transf er coef ficient can be formulated, based on the data f rom
Tests S3-15 and S3-16 for T/C elevations 6 and 7, as:

2Ah = -16.8+275.9 Fr-97.7 Fr -(43.4-31.9 Fp) (1)

Here, Ah is dif ference in heat transf er coefficient f rom the value for flat
2power distribution (W/m K), Fr is local radial power ratio and Fp is radial

peaking factor. By using this empirical correlation, heat transfer coefficient
in any bundle can be estimated based on that for flat power distribution. Fig.

17 shows verification result for this method. Clad temperature transient is
well predicted with this method especially in the early portion of reflooding
period when PCT is anticipated to sppear.
Predicted turnaround temperatures for T/C elevation 6 of the bundles with
local radial power ratio larger than or equal to 1.0 in various SCTF tests are
compared with the respective measured values in Fig.18. Some CCTF data (T/C
elevation is 1.83 m from the heated length bottom) are also shown in this
figure for reference. From this result, Ah is considcred to be predicted well
with the above empirical correlation.
Conservatism of current licensing procedure was examined with REFLA code
developed by JAERI by applying Eq.(1) in addition to complete fluid mixing
assumption between bundles. The results shown in Fig.19 indicates that the
licensing calculation for the bundle with radial power ratio of 1.5, for
example, has 57K of additional safety margin due to radial power distribution
effect.

7. Conclusions

For multi-dimensional core thermal-hydraulics during reflooding period of PWR
with cold leg injection type ECCS, the following conclusions were obtained
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|

|

experimentally through the SCTF tests: )
(1) Radial power distribution ef fect enhances heat transf er in the high power )

bundles and degrades in the low power bundles.
(2) Radial power distribution effect is not affected so signicantly by parame-

ters such as systim pressure, flooding velocity, core inlet subcooling,
total power and initial stored energy in the core.

(3) Radial power distribution effect is not af fected so significantly by
geometrical shape and size of the core cross section in relctively large
scale core such as SCTF and CCTF.

(4) Clad temperature in the high power bundles is reduced especially in the '

upper core under severe core cooling condition.
(5) Since radial power distribution ef fect always ' reduces clad temperature of

the high power bundles, a pote..tf al conservatism is expected if the ef fect
is ignored in safety assessment of PWR.

(6) Increase in heat transfer ccefficient in the high power bundles can be
predicted well with the proposed empirical correlation.

(7) Non-uniform water distribution on the UCSP results in a delay of quench
propagation in the upper part of peripheral bundles. However, PCT is not
affected by this phenomenon because non-uniform water distribution is
developed after appearance of PCT.
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ABSTRACT

Los Alamos National Laboratory is a participant in the 2D/3D
|

program. Activities conducted at Los Alamos National Laboratory in
support of 2D/3D program goals include analysis support of facility
design, construction, and operation: provision of boundary and initial
conditions for test-facility operations based on analysis of pressurized
water reactors; performance of pretest and posttest predictions and
analyses: and use of experimental results to validate and assess the
single- and multi-dimensional, nonequilibrium features in the Transient |

Reactor Analysis Code (TRAC). During fiscal year 1987. Los Alamos |
conducted analytical assessment activities using data from the Slab |

-

Core Test Facility, the Cylindrical Core Test Facility, and the Upper j
Plenum Test Facility. Finally. Los Alamos cor.tinued work to provide
TRAC improvements. In this paper. Los Alamos activities during fis-
cal year 1987 will be summarized: several significmn accomplishments
will be described in more detail to illustrate the work activities at Los
Alamos.

1

INTRODUCTION,

The 2D/3D program is sponsored jointly by Japan, the Federal Republic of Germany, and
the United States (US). The safety related objectives of the 2D/3D program are as follows:
first, to provide an improved understanding of the effectiveness of various emergency core-
cooling (ECC) systems in limiting peak fuel rod cladding temperatures during vessel refill and
core reflood for medium- to large-break loss-of-coolant accidents (LOCAs) in pressurized water
reactus (PWRs); second, to reveal core-coolant inventory and system flow characteristics
during the refill and reflood phases of a medium to large-break LOCA: third, to study convective
flow and temperature distributions inside a heated core during reflood for a medium- to large-
break LOCA: fourth, to assess the predictive capability of best-estimate computer codes and
the conservatisms of evaluation-model computer codes and fifth, to obtain information which

* Work performed under the auspices of the US Nuclear Regulatory Commission.
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may be used to improve thermal-hydraulic models in best-estimate. evaluation-model and other
computer codes.

Activities conducted at Los Alarnos National Laboratory in support of 2D/3D program
goals include analysis support of facility design, construction, and operation: provision of
boundary and initial conditions for test facility operations based on analysis of PWRs: per-
formance of pretest and posttest predictions and analyses: and use of experimental results to |
validate and assess the single- and multidimensional, nonequilibrium features in the Transient
Reactor Analysis Code (TRAC).

Three experimer.tal facilities provide data to 2D/3D program participants. The Slab :

Core Test Facility (SCTF) is a separate-effects reflood facility located in Japan, it models '

a full-height 1/21-scale section of the core, one fuel element wide from core centerline to
outer periphery. This facility began testing with its third electrically heated core during 1986:
Los Alamos will continue analysis of Core-lll tests in FY-1988. The Cylindrical Core Test
Facility (CCTF) is an approximately 1/21-scale facility. also located in Japan: this facility
has completed its test program and the los Alamos counterpart analysis program is nearing
completion. The Upper Plenum Test Facility (UPTF). located in the Federal Republic of
Germany, is a 1/1-scale integral test facility focusing on phenomena in the downcomer, lower
plenum, upper plenum, and primary-system loops of a PWR. Los Alamos analytical efforts
to date have largely supported test design and specification: posttest analyses of UPTF
experiments have started and will be emphasized during FY-1988: in part because of the
importance of these efforts in supporting an effort to quantify the uncertainty associated with
TRAC predictions of peak cladding temperatures for large-break LOCAs.

During FY-1987. Los Alamos conducted analytical assessment activities using data from
the SCTF. CCTF. and UPTF facilities. Finally. Los Alamos continued efforts to provide
improvements to the TRAC ' code. This paper summarizes Los Alamos activities during FY-
1987: several significant accomplishments are described in more detail to illustrate the work
activities at Los Alamos.

TRAC ASSESSMENT ACTIVITIES
A few comments are appropriate to introduce the summary comments that will be pro-

vided to describe our TRAC-PF1/ MOD 1 (Ref.1) assessment activities. When performing a
code assessment, understanding must be developed, catalogued, and reported in three vital
areas. These three areas are (1) sufficiency of knowledge about the as-built and as-operated
state of the facility providing the data to be used for assessment. (2) the adequacy of the
input model prepared to describe the facility and (3) the adequacy of the closure models and
correlations within the code.

Now consider a situation in which some significant feature of the plant configuration or |
operaticn is either unknown or undetected by the individual performing a posttest assessment. {
This deficiency of knowledge will be reflected in the input model and in the calculated result.
Lacking knowledge that the deficiency exists, the analyst will tend to assign fault incorrectly to
either the adequacy of the input model or the adequacy of the closure models and correlations
within the code. Consider, for example, a second example in which the overall knowledge of the
facility and its operation is good; i.e., the perception of the plant configuration and operation
is accurate, but the calculated and measured results do not agree in significant respects. The

,

cause for the disagreement (s) can lie with either the adequacy of the input model or the |

|
i
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adequacy of the code closure models and correlations or with some combination of the two.
Care must be taken to determine the cause. Problems associated with the input model can
frequently be remedied and user guidelines issued to alert others to the problem. Problems
associated with the code closure models and correlations frequently require more effort to
correct. A decision must be reached as to whether code model and correlation improvement
should be attempted or whether the deficiency should be accepted as part of the quantified
code uncertainty for related transients.

As we summarize our CCTF, SCTF. and UPTF posttest assessment activities, we will
attempt to use the framework identified above. It is hoped that this will provide a cohesive
structure for identifying the "lessons learned" during these assessment activities.

SCTF PROGRAM SUPPORT
We will summarize results for three SCTF posttest assessment activities at Los Alamos.

Runs 704, 713, and 714. The versions of TRAC-PF1/ MOD 1 used for these analyses were
version 13.1 for Run 704, 13.0 for Run 713. and 13.1 for Run 714. A detailed analysis
discussion is provided for Run 704, with more concise discussions for Runs 713 and 714. ;

For all figures in this paper comparing calculated and test results, the calculated results are
shown as a solid line and the data as a dashed line. In addition, the figures frequently carry
a legend identifying the JAERI identification number for that data item. In the legend, the
corresponding TRAC calculated value carries the prefix ''C."

ISCTF Run 704 (Ref. 2) is a German PWR (GPWR) evaluation-model integral orientation
test. Run 704 was one of the first GPWR tests. Important features of the test specification
included a blowdown of the initial primary pressure from 0.6 MPa to 0.3 MPa and multiple
ECC-system injections into the cold leg four locations in the upper plenum and two leca-
tions above the upper core support plate. Many interesting phenomena occurred during the
test. The posttest calculation and analysis effort for Run 704 are also interesting because
information was obtained in each of the three assessment areas identified above. Figure 1 i

displays the measured and calculated differential pressure in bundle 5 over the full core height. |
The d?ferential pressure can also be considered as a direct measure of the liquid levelin the
bundle. During the test, the liquid level in the bundle generally increased until about 200 s,
when the liquid level in the core was severely depressed. The liquid level subsequently began
to recover at about 245 s. The TRAC-calculated liquid level trace showed a similar trend but I

was noticeably different in magnitude. In particular, the increase in liquid level stalled at about |
170 s and the calculated depression in liquid level occurred later (at about 220 s) and was
deeper than measured, in fact, liquid displaced from the core passed into the lower plenum,
up the downcomer, and out the broken cold leg on the pressure vessel side. This liquid was
lost from the system and not available for subsequent core cooling. One consequence of the
greater liquid-level depression and loss of core coolant calculated by TRAC was a dryout and
heating of the high. elevation cladding not seen in the test, as shown in Fig. 2. A number of
lessons were learned during the course of the posttest analysis. These are summarized below
using the categories previously discussed.

Overall, our knowledge of the facility configuration and operation is very good. However,
the GPWR integral orientation test Run 704 was among the first in a new test series having
conditions markedly different than tests previously analyzed. In particular, the quantity of
ECC liquid injected into the upper plenum was large, much of this liquid was carried out

563

_.



30000 ,

N' '

* 0703051

'

| 4, d a CD'03051

g
=00 - J

8 ,

'

'il.
_

([p\ ,f f' ' '
g s@0-

|,,

E I di
'

p

?i ]
' **~

.

E 1 -swo-
p
1

0, - -nvre-e -

0 S0 00 50 200 250 3bo 3S0 4N

M (s)
Fig. 1.

Bundle 5 liquid levels for SCTF Run 704.

I T 3

:._

. nesse
noo- '

/ . noesc
=00- -

8
.

*, * HD8SC
,

"~ ,c. N
~

enO3sc
,

*~ * * cno+5c
, . . . . .,.

- - -y p .. ..... ;..,.
m-

' ' i., -

i II
=- , -

|
'

'
_

_ . . . . _..

m .

250 300 350 4000 50 00 SO 200
, . .

nm (s)
Fig. 2.

Bundle 5 cladding temperatures for SCTF Run 704.

.

564

_ _ ._
_ _



.- . - - .

l

of the upper plenum, through the hot leg. and into the steam / water (S/W) separator. The j

facility is equipped with a trip-activated drain line that is activated when the liquid level in
'

the S/W separator reaches 1 m. During the test, the trip level was activated at 190 s and
the drain line removed between 5.5 and 7.5 kg/s thereafter. Nevertheless, the S/W separator ;

!continued to fill, and by 200 s liquid in the S/W separator was being entrained and carried
from the S/W separator to containment tank II. The increased pressure drop associated with
two phase flow increased the S/W separator. hot-leg. and upper-plenum pressures and caused
the core liquid level depression seen in Fig.1. The same phenomena were calculated in TRAC:
however, there were some important differences. To our knowledge. Run 704 was the first test
analyzed by Los Alamos in which the drain line was activated: thus, we had not considered
it in our previous SCTF analyses. Therefore, the TRAC calculation did not model the liquid
removed from the S/W separator by the drain line. This example illustrates a case in which
the analyst's knowledge of the facility configuration and operation was inadequate.

We gained important information about our SCTF Core-Illinput model during our posttest
calculation and analysis of SCTF Run 704. This input model had been recently created for
the SCTF Core-Ill configuration. Relative to the earlier Core-ll input model, it featured finer
axial noding in the region of the upper plenum because modification of the upper plenum

Iinternals to model the GPWR was the primary difference between the SCTF Core-Il and Core-
lil configurations. This finer axial noding extended into the downcomer region because axial
noding is preserved at all radial nodes in the VESSEL component. The calculation cJ SCTF l

Run 704 was the second application of a newly developed input model created for the recently
installed SCTF Core lil. The first application of the new Core-Ill input model was for SCTF !

Run 714. which was a relatively simple test in that the only ECC injection was directly into
the lower plenum and there was no primary-system blowdown.

No input model problems were identified during the analysis of SCTF Run 714. However,
use of the finely noded SCTF Core-Illinput model produced a calculated result in which there
was insufficient agreement between the calculated result and the data. In the calculatior..
essentially all ECC liquid injected into the cold leg bypassed the core through the broken cold
leg on the pressure-vessel side. The lower plenum did not refill during the calculated transient
as in the test. It was determined that the small axial downcomer noding belcw the level of
the loop cold-leg nozzles caused the TRAC cell-based constitutive package to predict that the
liquid flowing into the downcomer from the intact cold leg was in the slug flow regime, a
regime of high drag. Rather than penetrating the downcomer to the lower plenum, the liquid
remained suspended in the downcomer until it was entrained by steam flowing up one side
of the downcomer and oct the broken cold Jeg. Because the cell-based calculation structure
is inherent to the TRAC code, the immediate remedy was to revise the VESSEL noding. A
reduced number of nodes was used in the downcomer below the intact cold leg. With the
reduced noding, a more nearly correct flow regime was predicted by TRAC and the downcomer
penetration observed in the test was calculated. A more extensive discussion of this problem
is found in the posttest analysis report.3

Additional information about the input model was obtained from the calculation using
the reduced noding just described. In our discussion of the predicted core liquid level (Fig.1),
we noted that the predicted core liquid-level increase stalled at about 160 s. We determined
that this was the time at which the calculated S/W separator liquid level exceeded the height
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. of the lowest cell, or level one in the S/W separator model. The next cell, or level two above,
included the junction of the broken cold leg on the S/W separator side to containment tank
II. We should note that the TRAC model prepared for the S/W separator does not maintain a
sharp liquid level interface. Thus, as liquid enters a cell, a two-phase mixture is predicted and
donor-celled into the broken cold leg. The pressure drop through the line increases, elevating
the S/W separator. hot-leg. and upper plenum pressures. The two phase flow was sufficient

,

to stall the refilling of the core as seen in Fig.1 beginning at about 160 s. The calculated
sharp liquid-level depression beginning at about 225 s corresponds to the time when the cells
at level two are about half full, i.e., full to the nozzle, and the pressure drop through the line
from the S/W separator to containment tank 11 further increases.

Two modifications that should be made to the reduced noding SCTF Run 704 model,

are evident. First, the S/W separator noding si ould be modified. Although there are several
approaches for doing so, it would seem that several additional levels should be included below
the nozzle levelin the S/W separator In addition, a S/W separator drainline model should be
added as the S/W separator liquid level is reduced by approximately 1 m during every 150-s
period in the test. This corresponds to a drain rate of 5.5 tc,7.5 Kg/s.,

We now consider the question usually asked in a posttest assessment activity. How well '

did the code do in predicting the transient and what was learned about deficiencies in the code -

constitutive models and correlations? We must first note that inadequacies in our knowledge of
the facility configuration and operation resulted in failure to model a significant component in
the transient, the S/W separator line, in addition. the S/W separator noding was too coarse.
These understandings are important in and of themselves to the assessment analyst and
prospective code users. However, these defects strongly affected the course of the calculation
beginning early in the transient [about 60 s after bottom-of-core recovery (BOCREC)] and
limited our ability to assess'how well the code was able to simulate SCTF Run 704. We
did determine that over the limited time in which useful results for code assessment were
generated, the interfacial shear in the upper plenum was too high. Details of this code
deficiency have been documented in Ref. 4. '

SCTF Run 713 (Ref. 5) is a United States / Japan (US/J) evaluation-model test, impor-
,

tant features of the test specification included a steep power profile (bundles 1-2 at a relative
,

power of 1.0, bundles 3-4 at 1.2, bundles 5-6 at 1.0, and bundles 7-8 at 0.8), and ECC injec-
! tion into the lower plenum only. The peak rate of accumulator injection was 37 kg/s beginning

at 74 s after transient initiation: low-pressure coolant injection (LPCI) of 3.75 kg/s began at
7

180 s. Several interesting phenomena were observed and calculated in this test. Figure 3
is a display of the intyrated core-exit liquid flow calculated by TRAC for each of the eight
heater-rod bundles in the SCTF facility. Flow is greatest in the high powered bundles 3 and
4 and smallest in the low powered bundles 7 and 8; there was reverse flow in bundle 8 after
450 s. This overall behavior is consistent with two-dimensional core flow and is caused by the
sharply varying radial power profile. The enhanced heat transfer in high powered bundles has

) been studied by JAERI for SCTF Core-Il and results in a greater steam-generation rate and
j increased liquid entrainment.6 As shown in Fig. 3. TRAC also predicts increased liquid flow -

above the high-powued bundles 3 and 4.'
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Integrated core-outlet liquid flow for SCTF Run 713.

Calculated and measured cladding temperatures in high-powered bundle 4 are presented
in Fig. 4. Both the calculated peak cladding temperatures and time of quench are judged to
be in reasonable agreement with the data. One trend calculated to occur and not evident
in the data is a reheat at the three-quarter plane (about 200 s) and midplane (about 325 s)
positions. This reheat is due to a sudden decrease in the heat-transfer coefficient resulting
from the TRAC interface-sharpener model. The action of the interface-sharpener is illustrated
in Fig. 5 at a position just above the core midplane (core elevation 1.905 m). Calculated void
fractions remain at or near pure vapor longer than observed in the test and then suddenly !

decrease to a value much lower than that obswved in the test. Efforts are in progress to |

remedy this deficiency in the TRAC-PF1/ MOD 2 code. Preliminary results describing this
effort are presented later in the paper. Calculated and measured cladding temperatuies in
bundle 2 are presented in Fig. 6 as typical of the cladding temperature behavior calculated in
all the moderately powered bundles 1. 2. 5. and 6. Compared with the data, too little cooling |
is calculated above the quench front as shown by the calculated cladding temperature behavior
at the midplane and three-quarter-plane levels. From the information available, we infer that
the calculated chimney effect above the high-powered bundles 3 and 4 is too strong. That is,
the moderately powered bundles adjacent to the high-powered bundles are starved as liquid
is entrained by the more rapidly upflowing vapor stream above the high-powered bundles 3
and 4 (see Fig. 3 for the calculated liquid exiting the core above each bundle). Passage of the
quench front calculated by the interface sharpener can be observed at the midplane in Fig. 6.

We summarize our conclusions related to the posttest analysis of SCTF Run 713 using
the categories previously discussed. We feel that our overall knowledge of the SCTF facility
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Bundle 2 cladding temperatures for SCTF Run 713.

configuration and operation is good. We could identify no deficiencies in our knowledge about
either facility configuration or operation for SCTF Run 713. No input model deficiencies were
identified during the analysis of SCTF Run 713. However, we remind the reader that this
same finely noded model was found to be inadequate when used for the calculation of SCTF
Run 704. With regard to the adequacy of the code constitutive models and correlations we
draw the following conclusions: (1) TRAC generally calculates the major trends of the test,
(2) the calculated two-dimensional flow pattern predicted is consistent with that inferred to
exist in the test facility, (3) it appears that the calculated chimney effect above the high-
powered bundles is too intense and that adjoining moderately powered bundles are starved
of coolant. and (4) the interface sharpener further reduced cooling in the starved bundles.
Posttest assessment results for SCTF Run 713 are summarized in Ref. 7.

SCTF Run 714 (Ref. 8) is a US/J best-estimate test. Important features of the test
specification included a two-step power profile (bundles 1-4 at a relative power of 1.1 and
bundles 5-8 at 0.9) and ECC injection into the lower plenum only. The peak rate of accumulator

injection was 100 kg/s beginning at 67 s after transient initiation and LPCl at 5.3 kg/s
beginning at 84 s. Relative to evaluation-model test Run 713. the ECC injections occurred
earlier and were at a higher rate. Overall, the agreement between the calculated and measured
results was reasonable with the exception of the time of core quench, which was predicted
to occur too eatly. This means that the calculated phenomena genera!!y were as in the test.
However, assessment analyses tend to emphasize those phenomena which were not precisely
calculated, even if the effect is second order on key parameters such as cladding temperature.
Figure 7 displays the calculated and measured upper plenum measured pressures. The system

I
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Upper plenum average pressures for SCTF Run 714.

pressure increases sharply as liquid enters the core beginning at about 70 s at the time of
BOCREC. However, the calculated pressure is too high indicating too much steam generation
in the core. The core reflooding is illustrated in Fig. 8. which compares the ' differential ;

pressures (liquid levels) in bundle 3. Following BOCREC. large oscillations in liquid level are !
both observed and calculated. However, the measured oscillations damp out more rapidly than
those calculated. The calculated oscillations appear to be of greater magnitude, as shown by
a higher calculated downcomer liquid levelin Fig. 9. One consequence of the higher liquid level
is the calculated loss of system inventory through the broken cold leg on the pressure-vessel
side, as shown in Fig.10: this did not occur in the test. A second consequence is that large
amounts of liquid are carried into the upper plenum as shown in Fig.11. As this liquid passes
through the core, it cools the upper portions of the cladding at a faster rate than measured
in the test, as shown in Fig.12. This excess calculated heat transfer results in a calculated
quench of the core about 80 s earlier than measured. A careful examination of the calculated
results indicates that the excessive core heat transfer and steam generation calculated may
be related to the limited number of thermal-hydraulic nodes in the core: i.e., the problem may
be noding related. The bursts of steam generation and related liquid pulses into the upper
plenum and downcomer result from near simultaneous quenching in overal sections of the
core. This is most evident for the final core quench at about 155 s but can also be related
to earlier core quenches shortly following BOCREC. Clearly, there is a physical basis for this
phenomenon as the measured core behavior is similar. However, increased noding may lead
to an earlier end to the oscillations in the calculation and a result that more nearly simulates
the test.
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We summarize our conclusions related to the posttest analysis of SCTF Run 714 using
the categories previously discussed. We feel that our overall knowledge of the SCTF facility
configuration and operation is good. We could identify no deficiencies in our knowledge about
either facility configuration or operation for SCTF Run 714. No major input model deficiencies
were identified during the analysis of SCTF Run 714. However, the excessive heat transfer
occurring following BOCREC does have the appearance of being noding sensitive. We believe
that an additional noding study could prove whether the calculation has a sensitivity to the
number of core thermal-hydraulic nodes and quantify the effect if it existed. Finally, we remind
the reader that this same finely noded model was found to be inadequate when used for the
calculation of SCTF Run 704. With regard to the adequacy of the code constitutive models
and correlations we draw the following conclusions: (1) TRAC generally calculates the major
trends of the test. (2) the excessive steam generation in the core may be related to the code
constitutive models and correlations (however, the noding study discussed above would be a
prerequisite to evaluating whether or not a code deficiency exists), and (3) too little hquid is ;

carried into the upper plenum following BOCREC. This is related to the interface-sharpener i
!model in the core which generally retains too much liquid below the interface and allows too

little above the interface. Posttest assessment results for SCTF Run 714 are summarized in j
Ref. 9. |
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CCTF PROGRAM SUPPORT
CCTF Run 58 (Ref.10) is a combined downcomer and cold leg injection test. Test

initiation began with the primary steam filled except for the downcomer, which contained
0.86 m water. Downcomer injection began at 85.5 s and continued to 100.8 s at about
8.5 kg/s. ECC injection into the lower plenum simulated accumulator injection at the rate of
approximately 92 kg/s and lasted from 85.5 s to 97.0 s when ECC injection was switched to
the cold leg. The ECC injection into the cold leg first continued the simulation of accumulator
injection at 78 kg/s until ill s then switched to the LPCI rate of approximately 2.1 kg/s
which continucd until 1008 s. The test was characterized by a long-term manometric-type
oscillation that occurred between the downcomer and the core.

After a close examination of the test results JAERI concluded that when subcooled water
in the downcomer rose to the level of the cold-leg nozzles, some of the water was entrained by
steam flowing from the intact cold legs, through the downcomer, and into the broken cold leg.
This cold water condensed steam in the downcomer and broken cold leg, causing a decrease
in the pressure at the top of the downcomer. The pressure diJerence between the upper
plenum and the vessel, which provides the driving potential for flow through the intact loops,
increased and caused a sutge of fluid. mostly steam, to flow into the downcomer. This in
turn caused the pressure in the downcomer to rise and the liquid level in the core to fall, with
liquid forced into the core. As some of this liquid vaporized the pressure in the core increased
and reversed the inflow. This forced the water to rise again in the downcomer, leading to the
start of the next cycle. The oscillation occurred at the manometric frequency and seemed to
be a resonant condition. Every second osciliation, sufficient water from the ECC injection had
accumulated in the downcomer to allow the level to reach the cold-leg nozzle elevation.

A comparison of calculated and measured downcomer liquid level (Ref.11) is presented
in Fig.13. It can be seen that a slightly higher average downcomer liquid level was calculated
but that the magnitude of the cakulated oscillation was much less than measured. It appears
that TRAC underpredicts the entrainment of downcomer liquid by vapor passing from the
intact loops into the broken cold leg. As a consequence, too little condensation is predicted to
occur in the broken cold leg. A related outcomo of too little condensation is that the pressure
differences dnving the oscillations are underprodicted. The TRAC shows a smaller oscillation
than in the test. Because liquid is repeatedly carried into the broken cold leg during the level
oscillations and this phenomenon is not ca'culated, more liquid ir calculated to remain in the
vessel. The presence of additionalliquid aLove that measured in the test can be seen in Fig.14,
which compares the calculated ard measured liquid levels in '.he upper half of the core. After
about 200 s. excess liquid is calculated. As previously discussed. TRAC consistently predicts
too little liquid above the quench front because of its interface-sharpener model. Thus, the
excess calculated liquid indicates a higher calcu|ated liquid level than measured.

We summarize our conclusions related to the posttest analysis of CCTF Run 58 using
the categories previously discussed. We feel that our overall knowledge of the CCTF facility
configuration and operation is good because many tests have beer conducted and analyzed.
iowever, some deficiencies in our knowledge about the configuration and operation of the

facility for Run 58 were identified. First, the open/ shut status of the reactor vent valves
(L 's) was unclear when the first posttest calculation and analysis were performed. The
actual status of the RVVs was shut: Los Alamos assumed the valves were open. Second. the

i

574



_ ,_. _ __ ____ _ _ . . . - _ _ _ - .

! |

|
'

\

0.00

0 01- -

.om

it: + . i i a : 93:a,1, a
-

|**~
. nic

'

i . n .t

c C.04- -

2
a 0 -

1
01

f 0.02- -

0.01- -

0.00,! -

-0.01 ,

200 300 .00 500 .00 m .00
, , ; , ,

0 e0

nw (s)
Fig.13.

Downcomer liquid levels for CCTF Run 58.

0.0m ,

0.050- .

o QAfA

0 Ot25 -
-

N-
4 MAC

I ,
'

P0. Coo - i
4

-

0.0075 - ,

'

,
'

m |

. Ld.I (

0.0000,
-i ,

-

|

|
-0.00n ,

200 300 400 S00 600 M 8000 20
, , , ,,

rm. (s)
Fig.14.

Core upper-half liquid levels for CCTF Run 58.
i
1

|

l

575 |
|



_.-. . . . -. .

downcomer ECC-injection rate was unm ain as a result of oscillations in the measurement.
Because of uncertainties in our knowledge of facility configuration and operation. JAERI was
requested to evaluate the facility configuration and operation. They did so by specifying the
status of the RVVs and providing a recommended downcomer ECC-injection rate. This value
was used in the calculation but some uncertainty in this key boundary condition remains.

After revising the input model per JAERI's recommended values for the RVV status
and downcomer ECC injection rate. Los Alamos determined that the CCTF input model was
adequate in that no major deficiencies were identified. We note that the input model used
a lumped representation of the intact loops with three loops modeled as one. We could
identify no adverse impact on the calculated resuit because of this modeling decision. We '

did note that nonphysical pressure pulses were predicted as parts of the core quenched. This
calculated phenomenon was also observed for SCTF Run 714. We have postulated that this
may be related to the number of nodes used to model the core: coarse noding results in
large quantities of cladding surface in a given calculational cell. The impact of noding on the
calculated core behavior could be examined in a noding study.

With resper; to the adequacy of the code constitutive models and correlations, we draw
the following conclusions: (1) TRAC generally calculates the major trends of the test with
the exception of an early core quench. (2) TRAC appears to underpredict the entrainment of
downcomer liquid by vapor passing from the intact loops into the broken cold leg. (3) the core
void distribution shows the effect of the interface-sharpener logic previously discussed (too
much liquid below the quench front and too little above), and (4) nonphysical pressure pulses
may be related to the code constitutive models and correlations. However, a noding study
would be a necessary prerequisite to evaluating whether or not a code deficiency exists.

UPTF PROGRAM SUPPORT
We performed a posttest analysis of UPTF test no.11. This test investigated the

countercurrent stratified flow characteristics of a full-scale PWR hot leg. This situation is
similar to the conditions that are hypothesized to occur in the event of a small-break LOCA
in which the core is uncovered. Steam produced as a result of boiling heat transfer flows
into the steam generator, is condensed on the tubes, and then flows back towards the vessel
as condensate. This phenomena is known as "reflux condensation." It is of importance
to determine whether TRAC can predict the countercurrent flow (CCF) of liquid in such a
situation.

Tests runs were performed at 0.3 MPa and 1.5 MPa. The test procedure first established
the water flow in the hot leg by injection into the inlet plenum of the steam-generator simulator
(Fig.15). Ther, a steady flow of steam was introduced into the core simulator, which because
of the configuration of the facility was forced to flow countercurrent to the liquid flow in
the hot leg of interest. This was done for a variety of steam flows to determine the CCF
characteristic. The TRAC calculations were performed in the same manner.

The comparison of the TRAC results with the data are shown in Fig.16. The results
presented are in the form of dimensionless liquid flux delivered vs the dimensionless steam
f!ow. These coordinates are typical of those used for the presentation of CCF data. The
results show that TRAC underpredicts the countercurrent flow limitation (CCFL) point and.

| at the lower steam flows, overpredicts the amount of liquid delivery. However, for the test
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run that modeled the "reflux condensation" conditions typical of a PWR small-break LOCA.
TRAC accurately predicted the complete downflow of liquid.

Analysis of the calculated results shows that TRAC predicts "on-off" CCF behavior,
whereas the data suggest a smooth transition. In the course of TRAC development it was
decided to use a constant value for the interfacial friction factor for stratified flow. This
was necessary because available friction-factor correlations developed from small-scale data
did not predict reasonable values when applied to full scale geometry. Recent assessment of
alternative correlations in TRAC has shown that a new model suggested by Ohnukiin better
predicts the CCFL point. but still overpredicts the amount of liquid delivery at the lower steam
flows. !

Based on our assessment, we recommend that alternative correlations be further investi<
gated in order to better predict the CCF phenomena in full scale hot legs. The current version
of TRAC underpredicts the CCFL point. but accurately predicts the complete delivery of liq.
uid for conditions similar to those expected during a small break LOCA reflux-condensation
transient.

TRAC CODE IMPROVEMENT
From our assessment of TRAC against large-scale reflood data, we have typically enjoyed

good success in predicting the overall core liquid inventory. However, in the detailed analysis.
the predicted void fraction distribution within the core shows too much accumulation below the
quench front, and too little above the quench front. Also, during the transient reflood process,
the code predicts sharp discontinuities in the void fraction occurring near the quench front,
whereas the data show a smooth transition. These difficulties are caused by the core-reflood
model, which restricts the amount of liquid leaving a hydrodynamic mesh cell (containing
the quench front) based on a pool-entrainment correlation. 3 This method of restricting the ,

liquid flux is also referred to as the interface sharpener. To improve the prediction of the core
reflood process. we investigated a drift-flux model for the void fraction" as an alternative
to the present core-reflood model. Moreover the model eliminated the need for the interface
sharpener. We assessed the model in an experimental version of TRAC-PF1/ MOD 2 against
the CCTF Run 14 data because this test is prototypic of the bottom reflood tests performed
in the facility.

The results of the comparison are shown in Figs.17-22. Here, we compare the predicted
pressure drop at six intervals in the core to the data. Thus, the Ap contains the effect of
the static pressure of the fluid, the interfacial and wall friction, and the temporal and spatial |

'

accelerations. In a reflood transient such as this, the static pressure of the fluid dominates:
therefore, the plots represent primarily the liquid content. Also, since each intervalis evenly |

spaced (0.61m), an estimate of the liquid fraction can be made from the pressure drops
presented. The results show that except for the very bottom interval, the TRAC prediction is
in reasonable agreement with the data. Work is continuing to investigate other methods for
the core-reflood model. Also, we are investigating alternative corre|ations for the dispersed-
flow film-boiling regime because the large amount of liquid that is known to exist above the
quench front causes a very early quench with the current correlations,

l
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SUMMARY
We believe that Los Alamos is functioning as a vital participant within the 2D/3D Co-

ordination Program. The results of our analytical efforts are being used to support test
specification and design, improve understanding of phenomena occurring in tests, assess the
predictive capability of TRAC, and identify needed areas of code improvement.
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Analysis of UPTF Test 11 (Hot leg CCF) with a
Full-Range Drift 4 Flux Model

H.G. Sonnenburg

Gesellschaft fu Reaktorsicherheit (GRS) mbH
Forschungsgel3nde
D-8046 Garching

F.R. Germany

ABSTRACT

GRS a fufi-range drift-flux model has been developed andAt

verified. This model has been developed on the base of both
the drift-flux theory and the envelope theory. The resulting
model equation predicts the relative velocity for horizontal pipes
and for inclined pipes. The model equation is implemented into
the GRS system code ATHLET.

The UPTF test 11 (hot leg CCF test) produces two phase flow
in a full-scale hot leg simulator relative to a KWU reactor.
Therefore, the mea' urement of flow parameters in that facilitys

procures a valuable basis in order to assess the full-scale per-
formance of the ATHLET code.

A good agreement between measured and predicted flow parameters
has been reached. Even the typical flow behaviour at the onset
of flooding is correctly predicted by the ATHLET code. The
drastic change in water level heights which occurs when coun-
tercurrent flow limitation (CCFL) is reached could be explained
by the code. Therefore, the ATHLET code can be regarded as a
tool to analyze details of CCFL phenomena.

By means of comparative calculetions the influence of the
"Hutze" on CCFL is investigated. Based on these calculations it
is shown that this influence is less than 10 % in steam mass flow
rate.

1. Introduction

CCF in the hot leg of a PWR loop is an important phenomenon in the
course of the 'small break loss-of-coolant accident' (SB LOCA), it

was the subject of investigation in the UPTF test 11 to determine the
limit of this CCF. The UPTF test 11 procures the saturated CCF limit
in a 1:1 scale of a PWR hot leg.

Having these important results, the models which are used in computer
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codes to determine relative velocities for such specific geometries, are
challenged to show both !f the measured limit could be predicted and if
the scaling performance of model is sufficient. If these demands are ful-
filled the code calculation based on such a verified model could give
answer to the question how this flow limit is physically provoked, because
these calculations provide spatial distributions of the process controlling
parameters. Furthermore, these verified models allow CCF-predictions of
differently designed hot legs with rather some confidence.

At GRS a full-range drift-flux model has been developed and verified.
The model is implemented into the GRS system code ATHLET /1/. ATHLET
will comprise in its final state different sets of equation systems. The
actually in ATHLET available 4-equation system is considered to be suf-
ficient to investigate the phenomena in the hot leg during reflux
condenser mode which have been observed in UPTF test 11.

2. Theoretical Tools

The full-range drift-flux model is based on the drift-flux theory. This
theory procures a generally valid expression for the relative velocity
between phases in a cross-sectional flow area. This expression is
generally valid because there is no restriction imposed on it.

(}<<Vv>> - <<Vf>> = (Co - Cof) <J) + <Av Av>

with 1 = Co <Av> + Cof <1-Av> (2)

in order to determine the drift-flux <Jvt> the envelope theory is utilized.
This theory leads to a drift-flux <Jvt> as a function of both CCFL-
parameters and phase distribution parameter. The CCFL parameters are
the so called limiting velocities which can be read from a typical flooding
diagram as the intersections with the axes (see fig.1).

With the drift-flux deduced from envelope theory the drift-flux equation

(1) can be rewritten as:

<<Vv>> - <<Vf>> = (Co - Cot) <J)
+ Co<Av> * o 1-Av>*

WOvgr W0fgr

The resulting equation (3) is generally used for all situations, for
dispersed flow as well as for separated flow. The equation applies for
cocurrent upflow, cocurrent downflow, and for countercurrent flow. It
even predicts the relative velocity of phases in case of countercurrent
flow limitation. Depending on the limiting velocities (WOvgr,WOlgr),
equation (3) predicts the relative velocity for horizontal pipes as well as
for vertical or inclined pipes.
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Empiricalinput to model equation from CCFL correlations

i
<Jv>.

WOvgr WOvgr : steam velocity*

at zero water down flow;.

CCFL correlation W0lgr : water velocityp
at zero steam up flow

}
~

<J>
'

~

w olgr

Fig. 1: CCFL correlation defined by limiting velocities

3. Empirical input to the Full-Range Model

As indicated above the model equation (3) needs inputs for both phase
distribution parameter and CC FL-pararreters (WOvgr,WOfgr) from ade-
quate CCFL correlations.

3.1 Phase Distribution Parameter

in order to provide the model equation (3) with the phase distribution
parameter Co the Co-correlation of Ishii /2/ Is taken. As a result of the
verification procedure this correlation was slightly modified to account for
both larger diameters and pipe inclinations. The complete correlation
actually used in the model is given by:

Co = MIN (Col, Co2, Co3)

Col = (1+a(1- /p /p ))(1-e' # V) (4)y g

a = 0.2 if D 5 0.1 m
a = 0. 4 i f D 2: 0.5 m
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|

( "AV)(I~ )Co2 = 1 + (5)

g , (1+75(1-Av) EP)
v

,

g g i

l

Ovgr (6)Co3 = Av WOvgr + (1-Av) WOfgr
j

The onset of entrainment (Ed>0) is supposed to occur if the vapour vel-'

: ocity exceeds a critical velocity. This critical velocity is given by (7):
i

2.5 10 -/ (7)~

E Pv v

if the orientation of pipe is vertical or inclined.

The criterion which accounts for horizontal flows relies on Talte! &
' Dukler's stability criterion (8). The critical velocity is given by:

.

]g@Da (8) i
P jy

] ;

The first phase distribution parameter (4) applies to the churn turbulent
'

or slug flow regime. The second phase distribution parameter (5) applies .

Eto the annular mist flow regime. The third phase distribution parameter
(6) provides a maximal value. This maximum reflects the highest degree

,

of separation which can be reasonably described by the derived model >

equation (3).

'

3.2 CCFL-parameters4

in order to provide the model equation (3) with the CCFL parameters (11-
] miting velocities: WOvgr,WOggr) that CCFL correlation has to be chosen
i for evaluation which applies for the considered geometrical situation. .

In case of a horizontal flow duct the CCFL correlation of Bankoff & Lee is -

3 taken. Whereas for vertical or inclined flow ducts a modified correlation of
.) Wallis is taken.
1

4

3.2.1 Horizontal flow duct
'

,

Bankoff & Lee /3/ measured the countercurrent flow rates in a slightlyi

I inclined flow duct. The results are presented using the Wallis parameters.
Bankoff & Lee replaced the critical length scale diameter by the hydraulic

,

diameter (Dhyd=2H) because they measured in a square channel.
,

'
,

!
i

~
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They found that the effect of inclination of the channel is best described
by introducing the sinus of the inclination angle in the gravity term. The
resulting CCFL correlation which gives the best fit to measured data is:

Ja p 1/4 jj pg 1/4 i

(2 g H sin 6 Ap (2 g H sin 8 ap) * I' (9)'

In order to utilize this empirical information (9) for equation (3) which
should be applicable to flows in horizontal pipes the following assumptions I

are made: 1

1. The inclination angle of flow duct is interpreted as the liquid
fraction gradient times the pipe diameter,

sin (8) = 8( ) Dhyd (10)

!2. The chennel height (H) can be replaced by the diameter of horizon- |
tal pipe.

H = Dhyd (11)

The resulting limiting velocities from that modified CCFL correlation are
given by:,

|

Wovgr = 1.87 J g Ap , 8(1-Av)
v

|

WOfgr = 3.51 / g D2 4 , 8(1-Av)
p 8z (13)g

|

3.2.2 Vertical or inclined flow duct

Wallis /4/ provides a CCFL correlation for vertical pipes.

ja p
v ) f4 +m(,gp,)

i j 1/4

( , D Ap =C (14)
g g D Ao

with C = m = 1

Correlation (14) applies at first for pipes with diameters within a certain
range. The validity of correlation (14) has been proven for the diameter
range from 0.01 m to 0.05 m. In order to extend the validity of this
correlation to larger diameters and to inclination angles less than 90
degree some modifications are implemented into the original correlation
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(14). Modifications which account for the extension in inclination are
given by:

1. g+ = g sin (o) (15)

2. C = 1.31 + (1.0 - 1.31) sin (o) (16)

3. m = 0.73 + (0.9 - 0.73) sin (8) (17)

with 8: inclination angle

Modifications which account for the extension in diameter are given by:

D=D (equ

[D H Bo* < 200 or sin (0) < 0.9hyd

|
with D *

kequ

200 oj if Bo* > 200 and sin (6) > 0.9
g. Ap

,

E 0Pwhere the Bond-no. Bo* = D n J (19)g

The Bo*-no-limitation reflects the effect that the local drift velocity is
,

disturbed by wall effects only if the pipe diameter falls below 200/n times
the Laplace length. The recently published investigation of pool vold
fraction models by Kataoka & Ishii /5/ points to the fact that this limit
occurs already at smaller diameters. Ishii & Kataoka propose a Bo*-no-
' imitation of 30. However, the limiting velocities WOvgr and WOfgr which
determine the relative velocity of phases for the inclined part of hot leg
(50 degree inclination) can be read from the previously stated CCFL cor-
relation. These limiting velocities are given by:

WOvgr = 1.01 / 8 Ap
(20)

V

WOfgr = 1.36 J x D Ap (21) .

pg j

i
i
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4. System Code ATHLET

The ATHLET code is a fusion of the codes ALMOD /6/, DRUFAN /7/, and
FLUT /8/ within a single, consistent code structure. The ATHLET code is
intended for LWR analyses of operational and abnormal transients, small, |intermediate and large breaks and of severe accidents. Therefore, within |
ATHLET code different sets of equation systems will be available. '

In the present state of development the ATHLET code includes among i

others the 4-equation system which was originally used in DRUFAN. This '

4-equation system consists of mass balance for steam, mass balance for
water, momentum balance for mixture and energy balance for mixture. |

Because the momentum balance is evaluated for the mixture, this 4-equa- :

tion system requires an algebraic equation for the relative velocity be- J

tween phases. For this purpose, the previously described full-range
drift-flux model (3) comes into operation.

1

5. Model Verification

The application of the code ATHLET to both small scale tests and large
scale tests prior to the UPTF test no.11 already demonstrate the good

j scaling performance of the full-range drift-flux model.

5.1 Small Scale Test Prediction

The blind prediction .of the small leak test ISP18 (international standard
problem 18 at LOBI test facility - small break LOCA test) with DRUFAN
(same model as ATHLET) showed very good agreement of all key para-
meters /9/. The prediction of void fractions in both hot legs and cold
legs reached excellent agreement with measured void fractions. The de-
velopment of liquid contents in both the steam generators and the re-
maining primary system indicates an accurate prediction of mass flow rates
in hot and cold legs, i

5.2 Large Scale Test Prediction '

The post test analysis of a large scale test (the Finaish loop seal test of
IVO - diameter of pipe is 0.85 m) /10/ based on the same model equation
with ATHLET leads to good agreement in the relevant parameters pressure '

difference and liquid content in test section.
; ,

From these encouraging results and further successful investigations in
different scales we conclude that the full-range drift-flux model covers
the relevant scaling range.

a

j
, ,

'
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l 6. UPTF Test No.11 (Het Leg CCF)

Because the UPTF /11/ (upper plenum test facility) produces two-phase
,

fiow in full-scale simulators relative to a KWU reactor, the data from this i

facility are highly important for the assessment of the model.

The UPTF test no.11 (hot leg CCF) investigates steam / water flow pheno-
mena in the hot leg during reflux condensation, which is a cooling mode
that may occur during a SB LOCA.

Saturated water was injected into the inlet chamber of the UPTF water
separator simulating the steam generator in the broken loop hot leg and
saturated steam was introduced via the core simulator system.

,

The injected water flows countercurrent to the steam through the hot leg
back into the reactor vessel simulator.

The water flowing within the horizontal part of the hot leg had to pass
the "Hutze" region. The Hutze is an elliptically shaped ECC inlet device
(see flg. 2). The injection port of this device is located about 1.5 m
away from the vessel. The Hutze region extends about 2 m along the hot
leg. The Hutze area blocks about 10 % of the full cross-sectional area
of the hot leg.

Open Flow Area = 0.3974m2

i Hydraulic Diameter = 0.639m ,

/ Blocked Area by *Hutze* = 0.04438m2

,
e

I,
'

Hutze

i

Open Flow Area

! without *Hutze* = 0.4418m2

Hydraulic Diameter = 0.75m
1

] Fig. 2: Cross-sectional area of a hot leg within the Hutze region

) Each test run was run until steady state con.11tions were reached. The
5

established water mass flow rates which pass the hot leg against the
,

countercurrent flowing steam, were measured by means of water level mea-
surements in the reactor vescel simulator,

i
4

5
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1

The pressure in the upper plenum simulator of the test facility was kept [
constant during the test run. The test runs #30 to #34 were accomplished

'

at 0.3 MPa, whereas the test runs #37 to #45 were accomplisheci at
1.5 MPa. The dependence of CCFL on pressure therefore is well repre-
sented by the test. |

|

6.1 Test Results '

The results of the UPTF test no.11 can be stated in a flooding diagram
with Wallis parameters as the axes of the diagram. The Wallis parameters
for the steam phase and water phase are given by: )

|

sa 1/2
j* (g D ap p A3} ( }

y

| $j 1/2
jj=(8DAppA3} ( }

g
;

if the characteristic dimensions (Dhyd, Area) in the. Wallis parameters
(22) and (23) refer to the Hutze region of the hot leg, the test d2ta are
best regsresented by the CCFL correlation of Richter (24).

j*1/2 ,3, 2 = 0.7 (24)

The characteristic dimensions are given by,

Dhyd = 0.639 m and Area = 0.3974 m2

| The characteristic dimensions outside the Hutze region are given by:

Dhyd = 0.750 m and Area = 0.4418 m2
|

| This analysis suggests that the Hutze region is the process controlling
' region although the controlling region was generally expected at the

transition from horizontal to inclined pipe of hot leg (see fl2/ and /13/).

7. Post Test Prediction with ATHLET j

|
GRS made a post test prediction with the code ATHLET in order to |
qualify the parameters of the previously described drift-flux model (3) ;

involved.
1

I
;
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7.1 Nodalization of Hot Leg

The code calculation restricts on the representation of the hot leg in-
ciuding the Hutze, the reactor simulator and the inlet chamber of steam
generator simulator.

The representation of hot leg is accomplished with the most economical
nodalization which just can provide a reasonable evaluation of the model
equatiens to t.how the effect of Hutze on CCFL. This results in a nodali-
zation consisting of 6 fluiddynamic zones representing the hot leg with
Hutze. From these G zones two of them represent the Hutze region. One
zone represents the bended part of the hot leg and one adjacent zone re-
presents the inclined part of the hot leg.

E' D = 0.75m
b

I/ -v-

fIb
x

Fig. 3: Nodalization of the hot leg

The remaining components which are also represented in the code calcula- ,

tion are not shown because they do not contribute to the CCFL-result.

7.2 initial and Boundary Conditions

Each calculation starts with zones which are completely filled with sa-
turated steam at rest. After a few seconas the steam mass flow rate is
ramped up to a certain value. This value is kept constant throughout the
whole transient. After having reached steady state flow conditions the
water mass flow rate is also ramped up to a mass flow rate of 30 kg/s.

According to this procedure a steam first mode CCFL is modeled. This
mode corresponds to that one of the UPTF test procedure.

The constant steam flow rates chosen for the calculation correspond to
those which are actually injected via the core simulator system into the
UPTF
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7.3 Calculated Results

Depending on the injected constant flow rates the simulated two-fluid
system stabilizes itself within a 60 second transient time. The reached
steady state flow data after that transient time are taken for comparison.

7.3.1 Typical time history of two-phase flow parameters calculated byATHLET

Fig. 4 to fig. 8 demonstrate how the calculated flow parameters develop
during that transient. Fig. 4 shows the injected water and steam mass
flow rates. The following plot, fig. 5, illustrates how the calculated waterand

steam mass flow rates at the connection between hot leg and upperplenum react on the injected rates. Fig. 6 to flg. 7 show the flow para-
meters water velocity, steam velocity, and liquid fraction, respectively, at
different locations within the hot leg.

7.3.2 CCFL curve in the Wallis diagram

The calculated mass flow rates at CCFL conditions are plotted together
with measured rates in a Wallis diagram which uses the characteristic
dimensions of the hot leg outside the Hutze region, that is:

Area = 0.4418 m2 ; Dhyd = 0.75 m
*

Each symbol in the plot
respectively. ' stands for one calculation or one test run,

The calculated CCFL data based on the previously described full-range
drift-flux model tend to underpredict the measured CCFL data, but they
are generally in good agreement with the measured data.

The measured CCFL cata and calculated CCFL data for both pressures
0.3 MPa and 1.5 MPa, plotted in a Wallis diagram (fig. 9) indicate that
the dependence on pressure is well represented by the Wallis parameters.
Furthermore, the comparison suggests that the limiting velocities utilized
in the code model for the horizontal and inclined pipe are adequate forthe description of flows in such pipes.

7.3.3 Predicted water level height along the hot leg

Fig.10 litustrates the established water level heights along the hot leg atconditions given in run #39.
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Fig. 9: UPTF and ATHLET data plotted in a Wallis diagram
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Flow Center Une

|t
8.53m

P = t6 MPa

$ O.75m | 24.0 kg/s Steam

20.0 kg/s Water;

A Calculated Water Level Height (252 kg/s Water measured)

' Measured Water Level height (Run#39)

Fig. 10: Water level heights along the UpTF hot leg

Within this plot the Hutze region is indicated by an unshaded section.
The calculated water level height between Hutze and the bend of the hot
leg can be compared with the 3-beam gamma-densitometer measurement lo-
cated there. Because the calculated water mass flow rate is about 30 %
underestimated in case of run #39, the calculated water height slightly
falls below the measured one.

From fig.10 it is evident that the CCFL controlling region is not within
the Hutze region . From the calculation one could see that the largest
amount of water accumulated due to the steam flowing countercurrent to
the water is located at the bent part of the hot leg. Consequently, the
highest steam velocities which may be able to provoke the CCFL are lo-
cated at that position. If the water has passed the bent part of the hot
leg the interaction at th:: interface between steam and water decreases
significantly due to the reduced steam velocity. In case of the calculation
for run #39 the steam velocity decreases from 13 m/s at hot leg position
7.729 m (End of Bend) to 10 m/s at hot leg position G. 729 m (Begin of
Bend), whereas the water velocity increases with less than 0.1 m/s within
the same distance (see fig. 6 and fig. 7).

A significant acceleration of the water flow within the hot leg is predicted
at the end of the Hutze region, next to the exit to the upper plenum,
but here the steam velocity falls below 8 m/s, which is far below a cri-
tical velocity.
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7.3.4 Comparison of water level heights

A 3-beam gamma-densitometer is mounted in the hot leg at 6 m away from
the vessel. The position of this instrument is in between the Hutze and
the bent part of hot leg. Assuming a stratified flow the density readings
can be recalculated in water level heights. These water level heights are
compared with calculated water level heights at the same position, see
fig.11 and fig.12.

S

S-
.e O UPTF 3-Beam-Camma
2=~ b ATHLET*

5
$ S-
T e
g 6-
4

h $-
3 ;_=: 4

5o n
30-
o
c; w .

ee
o

6 E-*c4

A e
D

. . . . .

0.0 0.1 02 0.3 0.4 0.5 0.6

Dimensionless Steam Flow Rate Ju*
Pos.: 6m away from vessel ; P = 0.3MPa

Fig. 11: Dimensionless water level height at 0.3 MPa

Although the position of the densitometer does not co!ncide with the CCFL
locus the density readings give insight into the phenomena, if these
readings are seen in combination with the ATHLET calculation. The fol-
lowing interpretation of the experimental data relies on the reliability of
the code ATHLET.

The ATHLET calculation shows that the water level height at measurement
position is generally lower than that level at CCFL locus (see fig.10) but
the level data trends with respect to the steam mass flow rate are equal
to both positions. From the test readings at 6 m away from the vessel
(less than 1 m away from the expected CCFL locus) one can see that as
far as the countercurrent flow limit is not exceeded the water level is
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Fig . 12: Dimensionless water level height at 1.5 MPa

kept on a low level. About 0.12 m from the bottom of the hot leg at the
I 6 m position is covered by water,

if the steam mass flow rate reaches the CCFL the water level steeply in-
creases to the highest level. About 0.30 m from the bottom of the hot leg
at the 6 m position is covered by water under CCFL condition.

The ATHLET calculation predicts the same behaviour as it is observed in
the UPTF test.

Besides this agreement in the water levei cata the ATHLET calculation
demonstrates that under CCFL conditions the Hutze is far below the water
surface.

With further increase of the steam mass flow rate beyond the CCFL the
water level height decreases gradually due to the steam flow which starts
to entrain water from the water surface.

Further increase of the steam mass flow rate leads to the situation that no
water can pass through the hot leg towards the vessel. It is interesting
to note that now a large amount of. water still remains in the hot leg. The
water level at measurement position indicates a water level height about
0.20 m. At the same mass flow rates ATHLET underestimates the remal-
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ning water in the hot leg because zero water penetration is simulated at a
steam mass flow rate which is smaller than that one observed in UPTF.

8. Influence of the Hutze on the Two-Phase Flow in the Hot Leg

Based on the excellent representation of the hot leg CCFL phenomena by
ATHLET, this code may help to analyse the contribution of the Hutze to
CCFL behaviour. A series of comparative calculations with a hot leg which
does not contain the Hutze allows an identification of that Hutze in-
fluence.

The Hutze region of the hot leg is mainly represented by the following
geometrical features:
a) the cross-sectional erea is 10 % reduced compared to the full area
b) the hydraulic diameter is 20 % redeced compared to the full diameter
c) the centre line of the two-phase flow is elevated up to 0.05 m relative

to the centre line outside the Hutze
d) the bottom line of the horizontal pipe is elevated up to 0.10 m relative

to the bottom line outside the Hutze.

8.1 Determination of Differences

The comparative calculations are based on the same nodalization but with
altered geometrical features referring to a hot leg without the Hutze.

Fig.13 to fig.15 demonstrate the difference in CCFL behaviour at dif-
ferent pressures between both hat legs with Hutze and without Hutze.
Here again the data are presented in the Wallis diagram based on the di-
mensions of the full cross-sectional area of the hot leg.

At low pressures these differences in CCFL tend to disappear (see
fig . 13 : P=0.3 MPa). At 1.5 MPa the difference in steam mass flow rate at
zero penetration is less than 3 %, whereas the difference in steam mass
flow rate at the onset of flooding could reach 9% (see flg . 14 :
P=1.5 MPa). These differences increase slightly with an increase in
pressure. At 7 MPa, a typical pressure under SB LOCA conditions, the
difference at the mset of flooding does not exceed 10 % (see fig.15:
P=7.0 MPa).
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Fig . 13 : Comparative ATHLET calculation for 0.3 MPa
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Fig. 14 : Comparative ATHLET calculation for 1.5 MPa
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Fig. 15: Comparative ATHLET calculation for 7.0 MPa

8.2 Explanation of Differences

Steam mass flow rates which provoke CCFL in the hot leg with Hutze are
expected to be lower than that one which provokes CCFL in a hot leg
without Hutze.

8.2.1 Differences expected in previous investigations

The difference between the two cases was recently assessed by other in-
vestigators /14/ on the base of a Wallis methodology assuming the Hutze
region s.s a CCFL relevant region. The resulting difference is in the
crder of 20 %. This 20 % difference in the steam mass flow rate is the sum
of two 10 % contributions. The first one considers the area contraction
within the Hutze region which is in the order of 10 %. The second contri-
bution refers to the 20 % reduction of hydraulic diameter within the Hutze
region. Because the CCFL depends on the square root of the hydraulic
diameter according to Wallis parameters the reduction of diameter affects
the CCFL with 10 %. Both 10 % differences summarize up to 20 %.
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8.2.2 Explanation of differences as indicated by ATHLET

The ATHLET calculation contradicts this assessment because the CCFL con-
trolling area is identified to be located at the bent part of the hot leg. At
the bent part of the hot leg the water accumulation reaches its maximum
there. According to the ATHLET calculations a water level height of about
0.3 m could be reached there. If steam mass flow has passed that region
the interaction between steam and water decreases drastically.

The water level height at that locus does not depend on the water level
heights at upwind or downwino positions because the void wave velocity
under CCFL condition is zero.

..

Concerning the differences, variations of the water level inclination show
an influence on the steam mass flow rate only. From the water level height
plottings it becomes obvious that the Hutze at the bottom of the horizontal
pipe elevates the water level height according to its dimensions within the

Water level height at CCFL locus

under onset of flooding condition

/
-

0.1m

/0.3m _ _ _ _ _ _ _ _ _ _ , . - - _ - __

/ -

5.7m

7.3m

w/o Hutze : tan a = 0.3m / 7.3m = 0.041

with Hutze : tan a = (0.3m-0.1m) / 5.7m = 0.035

tan a /o Hutze #w w/o Hutze
~

1.08 /=> -

"
with Hutze with Hutze

Fig . 16: Estimation of water level inclinations assuming a constant
inclination along the hot leg
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Hutze region. The elevated water level height at the Hutze contributes to
a reduced level inclination and consequently affects the CCFL.

Therefore, the amount of influence on CCFL is given by the water level
elevation within the Hutze region. The water displacement due to the
Hutze generally depends on the water accumulation there. However, it can
be estimated that relative to the horizontal pipe without the Hutze the
water level inclination decreases up to 17 %.

Because the water flux JA is much smaller than the steam flux Jv, it can
be seen from equation (3) with (12) and (13) that the steam flux Jv de-
pends on the square root of the inclination. Therefore, the estimated 17 %

reduction in inclination leads to an 8 % reduction in steam flux and
consequently to an 8 % reduction of the steam mass flow rate (see flg.16).

I9. Conclusion |

The full-range drift-flux model implemented in the GRS system code
ATHLET procures a realistic simulation of the hot leg CCFL. Comparisons
between measured and calculated . mass flow rates related to CCFL condi-
tions are in good agreement. Even the calculated water level heights
agree favourably with the 3-beam-gamma densitometer readings. The depen-
dence of water level on steam mass flow rate is well represented by the
code model.

The analysis of the UPTF test 11 (SB LOCA test) based on the ATHLET
calculation indicates that the CCFL in the hot leg probably occurs at the
bent part of the hot leg. The accumulation of water reaches its maximum
there. Simultaneously, the largest differences in phasic velocities are
predicted for this position.

The influence of the Hutze on CCFL related mass flow rates is identified
to be the elevating effect of the Hutze on the water level at the Hutze
region. This Hutze related elevation reduces the water level inclination
along the hot leg and therefore, a reduced steam mas, flow rate already
provokes CCFL.

The influence of the Hutze region on CCFL is determined by code calcula-
tions as well as by hand calculations. From these calculations we con-
clude that the influence on CCFL is less than 10 % in steam mass flow
rate.
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