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ABSTRACT
i

The concern over Pressurized Thermal Shock (PTS),along with
many other concerns, indicates the need for accurate knowledge of
the steam genera tor behavior during the blowdown of the steam
generator secondary side. To fulfill this need a computer
program, SIT-SG (Simulator of Transient in Steam Generator), is
developed. This is a one-dimensional best-estimate code with the

-

assumption that the vapor and liquid phases are in thermal-

equilibrium but not homogeneous. The drif t flux model is used to
describe the relationship between the vapor and the liquid phase
velocity. No momentum equation is required for SIT-SG because the
detailed pressure distribution in the vessel is not important for
the blowdown process.

Based on the comparisons between the code predictions and the
data obtained from the experiments conducted in Battelle-Frankfurt
and GE, the best drift flux model constants for various flow
regimes are selected. SIT-SG has been used to predict the
carryover, fall back, and heat transfer for the M.I.T. steam
generator blowdown experiments. The results are encouraging.

It is found that the measured dryout front is much higher than
the calculated mixture level. If the effective heat transfer area
is determined from the mixture level, the primary-to-secondary
heat transfer will be substantially underpredicted'.

From the result of the liquid hold up study we would expect to
find two mixture levels, one in the bottom of the steam generator
and one above the top tube support plate, provided that flooding
occurs at all. .

.
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EXECUTIVE SUMMARY

A computer program, called SIT-SG, has been developed to predict
the heat transfer on the secondary side of a steam generator, the
pressure, the carryover, the mixture water level, the flow rate
distribution, and the void fraction distribution during the steam
generator blowdown. This computer program is developed for best
estimate predictions with a fast running capability.

.

Flow regime dependent drif t flow model constants are used to take
into account the difference between the liquid velocity and the
vapor velocity. A large discrepancy has been found for' current
available drif t flux model constants. These discrepancies have a
large effect on the water level prediction.

As far as theMixture level is concerned, the drif t flux constants
in the churn-turbulent flow regime is most important. The
following drif t flux constants in the churn-turbulent flow regime
are recommended. The flow and void fraction distribution
parameter e is selected from Ishii's correlation and its value as0function of pressure and void fraction is shown in Fig.ll7. The
weighted mean drift velocity being selected is originated from the
equation proposed by Zuber with the coefficient given by
Bertodanoi. This correlation is used in conjunction with the
upper liminations provide by the slug flow regime correlation and-

a constant value of 3 ft/sec, which is the maximum drif t velocity
having been observed. The weighted mean drift velocity so
obtained is plotted ,in terms of pressure and vessel diameter, in
Fig.ll8. The recommended drift flux constants for the other flow
regimes include: (1) V . and C from Wallis correlation for bubblyO

(ii) V 92nd C correlation for annularflow regime For bbly flbw.from 'Ishiiflow regime. regime, the recommended C is 1.0
while the V is shown in Fig. 119. For annular flow recfime, the
recommended d is shown in Fig. 120 and the V , with D=0.34 ft,9
is shown in hig. 121. The correlations u%d for the various

.

flow regimes are connected with a smoothing scheme.

From the computer code calculations, the key parameters in the
transient can be identified and a better understanding of the
transient process has been ob ta in ed . With respect to the
transient process and the computer code modeling, the following
conclusions can be drawn.

For the blowdown process in steam line break, there are.

three periods can be identified: (1) pool swelling period
(ii) water level disappearance period (iii) water level
reappearance period. Because the characteristic behavior
is different for each period, computer modeling should be
able to distinguish these periods and simulate them
appropriately.

1
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,

. As far as the break flow is concerned, the critical flow
model is the only model which is important for determining
the amount of outgoing flow in the pool swelling period and
the water level reappearance period. The drift flux model

,

is as important as the critical flow model in the water
level disappearance period.

. The heat transfer during the transient is very important to
the transient response in steam generator secondary side.
For the heat transfer calculation, it is very important to
know whether the tube is dry or wet. If the tube is wet,.

. the heat transfer is excellent. The secondary side heat
transfer coefficient for the wet surface itself is,however,
not important because the wall conduction, the primary heat
transfer coefficient and the. fouling factor are the real
limits.

. The pool entrainment phenomena has a small effect on both
the total amount of outgoing fluid and the transient water
level response.

In general, the thermal hydraulic properties in a control.

volume can be considered as homogeneous. However, special
attention should be focused on the modeling of the node
which contains the sharp water-vapor interface.
Interpretation of node average quantities can be misleading
under many circumstances. For example, using the node
average void fraction to determine flow regime can result
in significant error. In addition to void fraction, the
knowledge of flow developing history and velocity level are
also important for determining the flow regime in a control
volume.

. During the transient, the flow regime in the bottom. control
volume is bubbly flow initially. It changes into
churn-turbulent flow regime af ter a very short period and
stays on churn-turbulent flow regime thereafter. The
period for which the bubbly flow regime prevails is so
short that the modeling of bubbly flow regime can be
ignored. This conclusion is drawn from the calculations
for our experiment. This experiment is equivalent to a
break without feedwater. When this is applied to a real
steam generator, the f3ow rate and the temperature of both
the feedwater and aur!11ary feedwater will have some effect
on this conclusion due to the additional overcooling.
These effects are, however, not expected to be very large
because the feedwater has high temperature and the
auxiliary feedwater has low flow rate. For the control

| volumes above the initial water-level, the flow regime
char.;'s from the annular or liquid dispersed flow regime to
churn-turbulent flow regime and back to annular or liquid

| dispersed flow regime. Because the flow regime in a fixed
| space is changing as the transient proceeds, we do not

recommend a fixed drift flux constant for a certain given

2
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space. Instead, we recommend a set of correlations which
can be used to calculate the drift flux constants for
different flow regimes.

SIT-SG has been used to perform the pressure and the mixture
level calculation for the Battelle-Frankfurt blowdown experiment,
the G.E. small vessel, and the G.E. large vessel blowdown test.
SIT-SG has also been used to predict the pressure, the water
level, the carryover, the pool temperature, and the heat transfer
from the hot wall for the M.I.T. steam generator simulator. The
comparisons between the code prediction and the experimental data
give rise to the following conclusions:.

. Good agreement is observed between the code prediction and
experimental. data for the pressure, the total amount of
outgoing fluid and the suppression pool temperature
response. These resulta justify our assumption in the
code:(1)The pressure distribution is not important.. inside
the . secondary vessel and no momentum equation is required
(ii)The behavior of the fluid in the vessel is basically one
dimensional and one dimensional equation is capable of
describing the system response (iii) Drift flux model is an
adequent model__ for predicting the two-pase flow under
blowdown conditions '(iv) Thermal equilibrium exists between
vapor and liquid phases.

. The slip equilibrium critical flow model proposed by Fauske
is selected for ~ the calculation of two phase cirtical flow
ra te . Good agreement has been achieved by comparing the
predicted pressure response with the experimental data
measured in GE large vessel blowdown test, M.I.T. empty
vessel test , and M.I.T. tests with internals. Therefore,
this model is good for the venturi nozzle as well as for the
blowdown pipe with L/D equals 20. Short L/D nozzles were'nt

*

tested.

. The measured dryout front l's much-higher than the predicted
,

mixture water level. Consequently, the calculated effective '

heat transfer area is much smaller than the measured
effective heat transfer area. The heat transfer rate from
steam generator primary side to secondary side and the
duration of effective heat transfer will be underpredicted
if the dryout front. is reg 5 red as the mixture level.
However, it should be pointed out that in our experiment,
the heat flux is quite low which leads to a reduced
evaporation rate of liquid film and consequently results in
a larger difference between dryout front and mixture level.
Further study on the relation between dryout front and
mixture level as function of entrainment rate, deposition
rate, evaporation rate is recommended.

Our model is developed under the assumption of thermal.

equilibrium. This assumption is quite good for our empty
vessel experiment which shows ' that the vapor temperature

3
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' stays at the saturated temperature throughout the whole;

blowdown. For the experiment installed with rod bundle,
superheat of vapor temperature is observed. Although the
assumption isn't consistent with the real vapor state, the
pressure and the carryover show the same degree of agreement
as the empty vessel experiment. .This suggests the effect of
vapor superheat is insignificant on the pressure and the
total amount of outgoing fluid.

From the liquid hold up experiment, we find that flooding.

can occur at the tube support plates, where the flow area is
minimum. The potential for the liquid hold up due to,

flooding is largest for the top tube support plate. When
this is applied to the blowdown in the steam generator
secondary side, we would expect to find two mixture level,

in the bottom of the steam generator and one above theone
top tube support plate, provided that flooding occurs.

Several areas require further investigation are described as the
followings:

In SIT-SG, the effect of' the separator to the blowdown is.

ignored. During a steam line break or a combined steam line
break plus tube rupture, the behavior of the separator is
' unknown at present. It is expected that as the flashing
occurs, the water level swells and the flow direction in the
drain line of the separator may reverse. The exact
conditions which lead to flow reversal in the drain line
have not been delineated. It is also expected that the
separator may have large effects on the amount of
radioactive material released in the combined steam line
break. plus tube rupture. Therefore, a study of the
performance of separator during blowdown is recommended.

. The calculation results show that large discrepancies exist
between the calculated mixture level and the measured dryout
front. It is suspected that the large discrepancy is a
result of the low heat flux on the rod bundle surface. In a
real steam generator, the difference may be smaller due to
the higher surface heat flux'in which a little bit ~of spray
won't be able to keep the tube wet. It is recommended to
study the effect of heat flux on the discrepancies between
the predicted mixture level and the measured dryout front.

i
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1. INTRODUCTION 1

|

1.1 General Need For a Better Steam Generator Modeling !

The steam generator is the maj or heat sink and one of the most
important dynamic components in pressurized water reactor (PWR)
power plants. Suitable heat removal through the steam generator
is essential for maintaining a steady state during normal
operation conditions and for recovering from transients during
off-normal operation conditions . In addition, the steam generator
is an important component in normal transients and can, itself, be
the cause of transients. An increase in heat removal by the
secondary system can be caused by malfunction of feedwater system,
of steam pressure regulator, steam system piping failures, etc.
On the other hand, a decrease in heat removal by the secondary
system can be caused by loss of external electric load, turbine
trip, loss of condenser vaccum, loss of normal feedwater flow,
etc. Either'by being a' controlling component or an accident
initiating component,the steam generator is important in a wide
range of transients. Nevertheless, the present steam generator
models though simple are not very accurate, Usually, design
calculations are performed by using conservative assumptions so as
to produce a bounding calculation. However, there are several
drawbacks in this kind of approach:

1. For a specific bounding calculation, it is very difficult
or even impossible to quantify the degree of conservatism
associated with the calculation. Sometimes it is also
difficult to tell which direction is conservative.

2. A bounding calculation will cause distortion in our
perception of the overall system behavior and preclude the
understanding of actual system response.

3. Due to the distortion in the sequence of events, there are
very complex effects resulting from the interaction of the
distorted system operations. As a result, conservative
assumptions don't necessarily lead to optimum maneuvres.
Therefore, the trend is now to switch from the bounding
calculations to the best estimate calculations.

The need for a better understanding of the steam generator
~

response to transient conditions is dictated by the increased
incidence of steam generator tube ruptures. Among the other
general needs for accurate knowledge of the steam generator
behavior, attention has' been focused on the blowdown of the
secondary system in a steam line break. This can be an initiating
event leading to the pressurized thermal shock (PTS). The
reactivity insertion in the primary system, and the impact of
containment design resulting from the steam line break or the
feedwater line break are also important. A brief description for
each of the scenarios will be given in the following subsections
followed by the section describing the objectives of this work.

1.2 Objectives of this Work

-

5
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As a part of the effort mounted to resolve the pressurized thermal
,

shock issue, this work is directed toward the study of the {carryover, fall back and heat transfer on the secondary side of
the steam generator which is subjected to a steam line break or a
feed line break. A computer program named SIT-SG, stands for
Simulator of Transient in Steam Generator, has been established to
iiiodel the steam generator during blowdown so that realistic

-

estimates of the steam generator thermal hydraulic behavior can be
made and approprite strategies for handling the transient can be
identified.

Due to the complexity of current PWR steam generators and
associated systems, a large number of assumptions and
simplifications are currently employed in performing thermal
hydraulic analysis. For example, in the Final Safety Analysis
Report (FSAR), a typical calculation for a feedline break assumes
the break flow quality to be zero until all the liquid mass is
. removed from the steam generator. In contrast to this, the break
flow quality is commonly assumed to be one for a steam line break.
Another assumption for a feedline break includes constant primary
to secondary heat transfer at its initial value until the steam
generator is completely empty. These assumptions are not
realistic in nature and not necessarily conservative. For a
feedline break, the heat transfer rate from the primary system to
the secondary increases due to the fast depressurization of the
secondary system. Therefore, assuming the heat transfer rate to
be the same as the initial value should not be considered as
conservative. For a steamline break, the assumption of the break
flow quality may not be conservative either. Assuming a pure
vapor out the break speeds up the pressure reduction, shortens the
time required for liquid depletion in the affected steam
generator, and predicts ear geg timing of downcomer minimum
temperature. Many PTS studies show that the primary pressure
reaches its maximum value at a time much later than that of
minimum downcomer temperature. Therefore the primary pressure at
the time when the downcomer temperature is minimum is lower for an
earlier prediction of minimum downcomer temperature. In this
sense, the risk of combined thermal stress and pressure stress may
be smaller. The same argument can also be applied to the
assumption of break size. The usually assumed 100% break may not
necessarily result in the maximum heat transfer from the primary.
Therefore, an in depth study of steam generator blowdown is quite
necessary.

As far as the heat transfer is concerned. There are some best
estimate computer codes, such as TRAC or RELAP5, which are able to
do best estimate calculations. However, the two fluid model does
not incorporate the mixture level' concept and therefore a large
number of small control volumes should be used to simulate the
propagation of mixture level in the steam generator secondary
side. The computation work will be highly time and storage
consuming, if it is achieveable.

To make a study of the processes in the secondary system easier to

6
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handle, the secondary side of affected steam generator is
decoupled from the rest of-the system. In other words, the
behavior of the secondary side of the affected steam generator is
studied without confusing effects of heat t rans fer and fluid |mechanics in both the primary system and the intact secondary i
system. Figure I shows the typical nodalization for the whole
system PTS thermal hydraulic analysis. The shadowed region in the
Figure 1 is the area where we focus our efforts. The interactions
between the systems are not studied, not only because they are too
complicated but also because some of the component separate
effects are still not clear. One of the key system separate
e f fec t s that re qui're s proper modeling is predicting the heat
transfer on the secondary side of the affected steam generator.
This heat transfer is important because it governs the degree and
duration of the overcooling on the secondary system, which drives
the whole transient.

The principal factors that affect the heat transfer on the
secondary side of the affected steam generator include:

1. The local heat transfer coefficient and the corresponding
heat transfer area.

As long as the tubes are wet on the secondary, the heat
transfer is excellent. On the other hand, whenever the
tubes are dry the heat transfer is negligible. There fore ,
the fraction of wetted area is particularly important.
Carryover, fall back and mixture level propagation are the
key parameters for determining the amount of wetted area.

2. The temperature on the steam generator secondary side.
The temperature on the steam generator secondary side is

mainly determined by the depressurization rate.

3. The time span for the heat transfer on the pressure vessel
wall.

Thermal stress peaks 10 or 20 minites into the
transient. It is the heat transfer up to that time that is
most important.

Large heat transfer rates and long heat transfer times are two
essential conditions for pressurized thermal shock to occur.
These conditions relate closely to the size of break. For a very
large steamline break, the amount of carryover is quite large and
the steam tubes dry out quickly. Consequently, the period of time
during which high rate of cooling prevails is rather short. On
the other hand, for a very small steam line break the small and
slow overcooling will result in a condition which does not depart
greatly from normal conditions. Evidently, neither of these two
kinds of break has large chance to cause pressurized thermal
shock. For intermediate breaks, however, the pressure decrease is
rapid and the cooling of the U tubes is excellent for'a rather
long time due to the small carryover. As a consequence, the
threat of PTS is largest for the intermediate steam line break.

7



1.3 Applications of a Better Steam Generator Model

1.3.1 Pressurized Thermal Shock Induced by Steam Generator
Blowdown |

1.3.1.1 Pressurized Thermal Shock

Pressurized thermal shock is designated as unresolved safety issue
A-49 by the NRC in December 1981. This issue is m y addressed
to the old pressurized water reactors (PWRs) Neutron
irradiation of reactor vessel wall decreases the fracture
toughness of the materials. The vessel wall becomes embrittled
and the nil-ductility temperature (NDT) increases. This is
especially important for the portion of the welds which have high
copper and nickel content. If a severe overcooling event occurs
accompanied by high pressure, there is a concern over the pressure
vessel integrity. If a small crack is present on the vessel inner
surface, such as subcritical flaw in service , that crack may grow
to a size that threatens vessel integrity.

Many efforts (1-8) have been made on this subject to show how
likely or unlikely this kind of event is and whether they affect
reactor vessel integrity. Among them are:(1) Development of event

, sequences by Oak Ridge National Labratory(ORNL) (2) Calculations
'

of thermal hydraulic consequences by Idaho National Engineering
Laboratory (INEL) and Los Alamos National Laboratory (LANL) . (3)
Calculations of probabilistic fracture mechanics by ORNL (4)
Integration of results by ORNL., In addition, EPRI, Westinghouse,
Brookhaven National Laboratory (BNL), and many companies and
universities are also participating in this study.
In addressing this concern, the Nuclear Regulatory Commission (NRC)
has selected three plants representing three types of PWRs in use
for detailed PTS study. These are Oconee-1(B&W), Calvert
Cliffs-1(C.E.), and H.B. Robinson-2(Westinghouse). Transients
which are most important contributors to the PTS problem for these
power plants are identified and selected by ORNL.

1.3.1.2 Pressurized Thermal Shock Induced by Steam Generator
Blowdown

One of the initiating events leading to a possible pressurized
thermal shock in a pressurized water reactor is a steamline or a
feedline break. When the break occurs, the pressure in the steam
generator secondary side drops and the heat transfer rate from the
primary side to the secondary side of the affected steam generator
increases. The excess amount of heat transfer results in an
overcooled primary system. Moreover, the reactor trip following a
steam generator blowdown will enhance the e f fect of overcooling.
As a result of this overcooling in the primary system, the
emergency core cooling (ECC) may come on and lead to
repressurization thereby threatening pressurized thermal shock.

Clearly, the sequence of events depends on the heat generation and

8
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removal rate in the primary system. The heat in the primary
system can be removed by both the normal and affected steam
. generators. There fore , there are three mutual interacting
systems--the primary system, the secondary side of intact steam
generator, and the secondary side of the broken ste'am generator.
The system response in each individual system and between systems
is complex. As an example to show the interactions between the
systems, the effect of the location of the break in a steamline
break is described.

A typical steamline piping configuration for a PWR is shown in
Fig 2. After' a steam line break, reversed flow in the steamline
resulting from check valve failure can be expected to have
occured. If the break of steam line is located at the exit of the
steam generator, denoted as break 1 in figure 2, there is a higher
energy removal rate from the affected steam generator because the
break is located upstream of the flow restrictor. On the other
hand, there is lower blowdown rate from any one of the intact
steam generators because the flow must blow back through two flow
restrictors, one for the intact steam generator and the other for
the affected steam generator. If the break of steam line is
located downstream of the flow restrictor, indicated as break 2 in
Fig. 2, each steam generator blows down through its own flow
restrictor to the break. Compared with the blowdown from break 1,
there is a higher energy removal rate from the unaffected steam
generators and a lower energy removal rate from the affected steam
generator. Therefore, the break location is important to the PTS
analysis. Some other parameters which are important to the system
response include initial core power, reactor coolant pump
operation, auxiliary feedwater availability, ECC operation, and
MSIV closure timing. Even without dealing with all these
complications, as described in section 1.2, a better steam
generator model is still very helpful for understanding the
transient.

1.3.2 Steam Tube Rupture Induced by Steam Line Break

The normal operating pressure in PWR is 2250 psi in the primary
system and about 1000 psi in the secondary system. After a steam
line break, the fast depressurization in the secondary system
creates a large pressure difference across the steam generator
tubes. This causes an additional pressure to act across the steam
generator tubes. If this pressure is greater than the steam
generator tubes can take, tube ruptures may occur and radioactive
materials contained in the primary coolant will enter into the
secondary system, mix with the secondary coolant, and flow out of
the break into the atmosphere.

When the primary coolant enters the secondary system, the sudden
pressure drop results in flashing of the primary coolant which is
similiar to the flashing of the secondary coolant during steam
generator blowdown. The amount of radioactive material, contained

jin the primary coolant, which can be carried out of the break, '

depends on the carryover and fall back of the ' mixed coolant.

9
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Therefore a good steam generator model is important in order to
understand the consequences of the steam tube rupture accident
-induced by steam line break.

1.3.3 Reactivity Insertion in the Primary System

In a reactor with a negative moderator temperature coefficient,
.such as a standard PWR, a decrease in primary coolant temperature
will-lead to a reactivity insertion. Such a temperature decrease
in the primary coolant can result from a sudden increase in the
heat removal rate from the primary system which in turn could be
due to the blowdown of the secondary system.

The potential for a recriticality and the resulting core power
burst has always been a safety concern. Following a steamline
break, the reactivity insertion due to overcooled primary coolant
decreases the shutdown margine provided by the control rods. If
the negative reactivity from the Doppler effect and the high boron
concentration ECC do not become effective within a short period,
the positive moderator reactivity may exceed the negative control
rod reactivity and lead to a recriticality. The duration of the
recriticality then determines the possibility of fuel rod damage.
Obviously, a better estimate of heat transfer from the primary
side to the secondary side is required for a better modeling of
reactivity insertion accident.

1.3.4 Impact on the Containment Design

The containment is a component designed to contain any radioactive
material released during both normal and transient operating
conditions. It should be able to sustain the maximum possible
transient loads without losing its integrity. The primary system
blowdown and the secondary system blowdown are the two accidents
commonly chosen to show the adequacy of the containment design.
The loads experienced by the containment include the force due to
an impinging jet and the pressure force resulting from the
flashing of the high temperature, high pressure break flow.

For a steamline break, it is usually assumed that the break flow
is pure steam. This assumption increases the energy flow rate and
decreases the mass flow rate from the generator. A more realistic
mass and energy flow rate from the generator can be obtained from
a better steam generator blowdown modeling. A better estimate of
the impact of the break flow on the containment and the
in-containment components can therefore be achieved.

1.3.5 Blowdown in Boiling Water Reactor

The geometry and the operating conditions of a boiling water
reactor (BWR) are very similiar to those found on a PWR steam
generator secondary side. The knowledge learned from the steam
generator blowdown can also applied to the BWR blowdown.

10
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2. ANALYTICAL SYSTEM MODELS

One-dimensional treatment. of the conservation equations is
established for solving the carryover, fall back, and heat
transfer on the secondary system during the steam generator
blowdown. The internal space inside the steam generator secondary
side is divided into control volumes and the conservation
equations are integrated over these control volumes. The methods
of solving the integrated equations are described in chapter 3.
2.1 Hydrodynamic Model

The basic hydrodynamic model is based on a one-dimensional,
two-equation formulation for the two-phase flow. It consists of
one mixture mass equation and one mixture energy equation. The
momentum equation is not required because we believe that the
detailed pressure distribution in a large vessel is not important
during the blowdown process. In other words, the pressure is
considered to be uniform in the steam generator secondary side.
The transient two phase flow is assumed to be in thermal
equilibrium but not homogeneous. The difference between liquid
phase velocity and vapor phase velocity is taken into account by
the drift flux model. This model is the simplest one that can
adequately describe the important two-phase flow phenomena. In
particular, it is the only model which allows us to track the
water level in a physically realistic way.

2.1.1 Conservation Equations

In a two-phase flow, it is too complicated to predict the exact
motion of each droplet or bubble. Fortunately, we are only
interested in knowing the average behavior of each phase. For

~this reason the averaged conservation equations are used. The
parameters in the conservation equations are averaged over a time
interval, t, assumed to be long enough to smooth out the random
fluctuations present in a two phase flow but short enough to
preserve any gross unsteadiness in the flow. The resulting
average equations are cast in the mixture form.

Mixture Mass Equation

B(ap + (1-a)p )

_ + II-*)D V ) - 0 (2.1)
y g _

+ V*f"P Vat vv tt
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Mixture Energy Equation

I
B(ap"e + (1-a)p e )V + V. (ap e V + (1-a)p e E ) (2.2)ggg

.

-pV.(a9 + (1-a)E ) + +kg g

2.1.2 Flow Regime and Flow Regime Transition Criteria

The commonly observed two-phase flow regimes (10) for a heated-

vertical test sections are: (1) the bubbly flow regime (2) the
slug flow regime (3) the churn-turbulent flow regime (4) the

.

an.nular flow regime (5) and the liquid dispersed flow regime.
Usually these flow regimes are observed at low pressures in small
diameter tubes and under steady state operating conditions. For
steam generator blowdown the pressure range is very broad , the
vessel diameter is very large, the geometry within the tube bundle
is highly complex and the system is under transient conditions.
Therefore , we do not expect any current available flok re~gime
criteria to accurately predict the transient flow regime.
However, with this study of the characteristics of blowdown and
the accompanying flow regimes some useful guidelines can be
established. In a bubbly flow the vapor phase is distributed as
discrete bubbles in a continuous liquid phase. These bubbles will
move randomly, collide with each other and coalese to form larger
bubbles, which are then no longer classified as bubbly flow
regime. Therefore, bubbly flow exists only when void fraction is
low and the collision frequency is small. It is expected that
bubbly flow can exist in the downcomer and the bottom part of
steam generator where void fraction is low in the early period of
blowdown. In slug flow the vapor bubbles have characteristic
diameters which are approximately the diameter of the flow'

passage. During blowdown the flow is expected to be highly
turbulent so that large diameter bubbles do not have chance to
develop before they are destroyed. Therefore, the slug flow
regime is not expected to occur in the steam generator blowdown.
In other words it is assumed that the flow changes from bubbly
flow to churn-turbulent flow directly. The annular and liquid
dispersed flow regime are likely to occur in the large void
fraction region. The annular flow regime may occur in the tube
bundle region and the riser of the seperator during the later
period of blowdown. The liquid dispersed flow regime may occur in
the steam dome which is above the tube bundle and below the
separator, and the steam dome above the primary separator.

Becaus~e the void fraction.itself is a good indication of flow
regime, the combination of theoretical analysis equation and the
void fraction value is used to predict the tggsition of flow
regimes. According to Radovcich and Moissis the chance of

12
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bubble collision due to random motion is low when the void
fractionis.below0.1.(1grthisreason, the combination of Taitel
and Dukler's equation and a void fraction of 0.1 is used to
determine the transition from bubbly g w to churn-turbulent flow.
The combination of Ishii's equation and the void fraction of
0.8 is used to determine the transition between the

-

churn-turbulent flow regime and the annular flow regime. In the
Ishii's model there is another criteria for transition between the
annular flow regime and the liquid dispersed flow regime.
Unfortunately, it is not so obvious that this criteria can be
applied generally without question. For example, the annular flow .

regime is given by the following formula

Id )2-3 * d ! * Id )3-3a (2.3)v v v,

In the equation (2.3)

(j )2-3 = ((Ap)sD/p ) ( .-0.1) (2.4)y s

is the transition velocity from churn-turbulent flow regime to
annular flow regime and

.2
Id )3-3a - ( g(Ap)/pg) Nv (2.5)

is the transition velocity from annular flow regime to liquid
dispersed flow regime. Where

N = p /(p a (c/ gap )0.5g

For our 4" diameter vessel with the initial-pressure of 1000 psi
the (j )2-3 and (j )3-3a values' can be calculated asy y

(j )2-3 '2 ft/sec (j )3-3a 8'ft/secy , y

respectively. When this is compared with formula (2.3), a
contradiction is observed because the (j is greater than

is no aY)thmht(j For this reason thereanXu)$a2,. to distinguish
flow regime and liquid dispersed flow regime. For

obtaining flexiable' calculations both the annular flow regime and
liquid dispersed flow regime drift flux constants are provided and
can'be selected accordingly. The criteria for _ the flow regime
determination, obtained from the flow regime transition criteria,
is summarized in Table 1.

2.1. 3 Drift Flux Model

For a two phase flow the velocity of individg hase can be
related by the drift flux model proposed by Zuber

13



<j > = <a> (C. <j > + V ) (2.6)

where
j = total superficial velocity = j +j

j = superficial vapor velocityy

a = void fraction

C. = distribution parameter = <aj>/<a><j>
.

~V --weighted mean drift velocity = <a(V -j)>f<a>g
'

v = vapor velocity

and < > indicates an average over the flow cross section. The
drift flux model simply shows that, for a given operational
condition, there is a linear relationship between the superficial
vapor velocity. and the total superficial velocity. The
distribution parameter C reflects the effect of void fraction andOflow distribution in a cross section. For

C[ection than at
greater than one

there is more vapor in the center of a cross the
periphery. This happens most of the time in a two phase flow.
For CO smaller than one, there is more vapor. at the periphery of
the specific cross section. This may be observed when subcooled
boiling takes place. The weighted mean drift velocity reflects
the e ffect of velocity difference between the superficial vapor
velocity and the mean superficial velocity. The weighted mean
drift velocity equals to the terminal bubble rise velocity in both
the bubbly flow regime and the churn-turbulent flow regime. The
value of C and V are function of flow regime and many values
havebeenpSoposed@3

.

For bubbly flow,.the following values are suggested by Wallis(15)

=1.53(1-a)2[ )0 M (2.7)
- v

d

C. = 1.0 ( 2.8),

For churn-turbulent flow, C is calculated from Ishii's model( )
O

C

C. - (1.20-0.2 (p /p )0.5) (1_,-18a) (2.9)
g f

while the weighted mean drift velocity are adopted from various

14
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The value recommended by Zuber(14) issources.

V - 1.53(og(ap)/pf )o.25
'

: (2.10)
8j

The same form is recommended by Ishii(13) , except the constant is
1.414 instead of 1.53. Anotg form of weighted mean drift
velocit is also given by Zuber In a steam-water system in a
vertica container of large vessel diameter with a free interface
at high pressure, Zuber points out that V has a strong
dependence upon pressure. . To cope with the pr8)sure dependence,

. he proposes a model of the' form:

gj P(og(Ap)/pg )0.25U ~^ 2 (2.11)

Due to the lack of the information about the entrance effei:t, such

asthemodeofvaporinjectgg)nosinglevalueofA is given in
Zuber's report. Bertodanoi suggests that the vafue of A can

Pbe chosen as 0.33. Therefore, V ) can be expressed as:g

8 )0.25 ,

V - 0.33(og(Ap)/ (2.12)gj
.

The V obtained from equations (2.10) and (2.12) are essentially
identf$al at 1000 psi while equation (2.12) predicgigher value
of V at lower pressure. The work done by Wilson is also ofinteNst. He measures the bubble terminal velocity through
saturated water with pressure range from 300 psi to 600 psi in the
19-in diameter and 4-in diameter vessel. According to his
definition the bubble velocity V is given as:

B

v -j /a G.W
3 y

Recalling the drift flux model

j /o - c,j + Vy gj

we can relate V to V ) asB g

V ~
* *

B gj

For stationary water column, j =j V Therefore Eq(2.14)= .
y Bcan be rewritten as

.

v - (1-c.a)v G.Wsj 3

In this way, the original Wilson correlation
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.

V

T('(g(g(P-p )a = 0.136 a
0.5)0.5 ' if "I"T 5 2. 84 (2.16)o

f g)

T( 0.5}0.5) * if "I"T 2 2.84 (2.17)
a = 0.75 a

E
g(o -pg)f

where p

)0.5)0.19)0.32 ( g(p -o )
og

_

T o -p
f g g g

.

can be converted into

i
_

~
gj

0.75 )1.283 (P ~P ( P ~P )0.5 )0.2436 (o o )0.25
a f g 0.41 gD g

(1-aC.) ( go po f gg
f g

,

'

if a/a 5 2.84 (2.18)T

"gj

P -P

( 0.136 )0.562 g )0.1798" f gD go

(P~P)0.5)0.1067(p-p)0.25
(1-aC.)

o
|

gog f

f g

if a/a 2 2.84 (2.19)T

| When the pressure is very low, unreasonably high V 's are
dobtained from equation (2.12)aD0$heWilsoncorrelationE Hence,

the V for the slug flow regimeg3

9 = 0.35 (goop /o f)o.5 ( 2. 20)8j

<
-

is used to provide an upper bound limitation. Although a slug
-flow may not have chance to develop completely during the
transient, the existence of the developing slug flow is expected.
The developing slug flow may not be distinguishable from the
churn-turbulent flow. Therefore , V for developing slug flow can

3be used. The V for a developind slug flow is slightly higher
a klug flow. For simplicity, a simple slug flow8than - that for

correlation is used instead. The diameter,D, in the slug flow
correlation reflects the geometric effect but it is not the whole
story. Let's consider some fixed length test sections of various
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diameters and allow bubbles entering the test sections from the
bottom and leaving from the top. If the diameter is small, it is
very easy for the bubbles to grow to the size of the test section
before they exit. This is a diameter controlled process and the
diameter in the slug flow correlation adequently provides a
maximum value V If the diameter of the test section is large,
thebubblesexiEk.efore they grow to the size of the test section.
This is a length controlled process and the diameter in the slug
flow correlation is no longer appropriate. Therefore, for a small
diameter test section, the limitation provided by the slug flow
correlation is satisfactory while for a larger diameter test
section, an other limitation is needed. From the avaig
experimental data, the maximum V found anywhere is 3 ft/sec
Therefore, this value is chosEb as the upper limit for large
diameter test section. For a typical U-tube steam generator, the
shell diameter is large, the length is long, and there are
additional e f fects come from the tube support plates. When the
bubbles go through the tube support plates the size of the bubble
is reduced and the bubble growing process starts all over again.
Effectively, the U-tube steam generator acts as a large diameter,
short length test section and therefore the maximum value of 3
ft/sec is justified. As a final result, after imposing the
limitations, the V is chosen as the minimum of the followin

for driginal churn-turbulent flow correlations (28three: (1) VtheklugE flow correlation (3) a constant value of 3V fo
fEfsec.r
For annular flow regime Ishi3 's model(13) is used.

c,=1+ (1-a)/(a +4 (p /p,)0.5) (2.21)

9 (c -1) (ao go (1-a)/(0.015 o f))0.5 ( 2. 2 2)
=

8J o,

For liquid dispersed flow regime, again the Ishii's model(13) is
used

C -1+ (1-a)/(a +4 (p /p f)o.5) (2.21)

U 5 ( 2. 2 3)1.414 (1-a) ( g L o/ )= -

gj 8

A comparison of all the weighted mean drift velocities is shown in
Fig. 3 and 4 and the legends used in Fig 3 and 4 are given in
Table 2. Figure 3 is obtained by assuming the pressure is 1000

is 1.0 in the Wilsonpsi, the diameter is 0.34 ft and C0
correlation. Same assumption I.s applied to Fig 4 except the
pressure changes into 300 psi. In addition to the above mentioned

4
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models, the V derived from modified Wallis correlation (10) is.
also included N these figures.

In annular flow regime, the modified Wallis correlation is:

l j* j *

=1 (2.24)~

1-3. (1-a) 3.1 1-a)
i

From the definition of j *, j f*g
*

.

P
! j * =j g 0j .5 (2.25)

E E gD A o /

0.5j,* =j p

(gDbp )f f (2.26)-

Equation (2.24) can be rewritten as:

1 /21- 3.1 (1-a) p

g 3.1 (1-a) (pg)/2- ( gD J-
Ap

d "
J + (1-3.1 (1-a)
f

8 g
'

Comparing equation (2.27) to the drift flux model equation

aC

" 1-a b, J + Eg r 1-a c gj (2. 28)<

o

one finds

-1- 3.1(1-a) f a c,P-

"

3.1(1-a) 1-a c, (2. 29)

2=
( gD A ,o__ pa(1- 3.1 (1-a))

1- a c, gj (2.30)P
g

Solving Eqs.(2.29),(2.30) for C and V Eqs.(2.31),(2.32) are
O gj ,

obtained 0.5
1-3.1 (1-a)

'

(pf) (2.31)
g

: C =

,
0 0.5 0.5

( f)(_ .f_ - 3.1 (1-a)3 -1
i g g

0.5
(1-3.l(1-al' 3.1(1-a)

E " '[g)9 ,

P g (1-3.1(1-a)) (pg/p ) + 3.1(1-a) (2.32)*
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From Fig 3 and 4 some interesting points are observed:
i

1. Both the Wilson model and the Zuber model in the form of'

Eq.(2.12) show that VThe other N dels do not sbendenence uponhas large de
ow this kind ofpressure.

dependence.

2. The value of V given by models 3 and 4 are quite close.
Thedifference1nthe'coefficientof1.53or1.414isE

insignificant.

3. Ishii's annular flow regime drift flux model, dispersed
vapor regime flow drift model, and Wallis' model converge.

at high void fraction.
All the models, except Wallis' model, in Fig 3 and 4 are
incorporated into our program. The Wallis' model is not used
because its data base is obtained solely from low pressure tests.

It is noted that the drift flux constants are subjected to abrupt
change when the flow regime changes. If smoothing of C and Vprovided,anundesiredinstabilityintheso10tionmhis not
occur. For this reason, the following smoothing techniques are
used.

For the transition from churn-turbulent flow regime to annular
s given as*flow regime or liquid dispersed flow regime, C0

*$
c. - 1.2 - 0.2(ps/'f) if a 5 a2.3 (2.33)

C. = 1 + (1-a)/(a + 4(p /pf)0.5) if a 2 0g 2.3

ON*~ * ~

where a2.3 " g f g f

1.2 - 0.2 (p f# )0.5
g f

at.3 is the void fraction which makes the C0 value calculated from
Eq.(2.33) and Eq.(2.34) the same. For pressure decreases from
1000 psi to 14.7 psi, the a2.3 value decreases from 0.75 to 0.82
which appears to be a reasonable region for transition from
churn-turbulent flow regime to annular flow regime. From Fig 3

|and 4, it is found that the most natural way of obtaining the V 4
value is to choose the minimum V value predicted from tEd j
churn-turbulent flow regime and m either the annular flow :

regime or the liquid dispersed flow regime , depending on the |
option used. '

i
|
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|

.

'
For the transition from bubbly flow regime to churn-turbulent flow
regime, similiar smoothing techniques can be applied:

C. = 1.0 if a < al.2 (2.35)

C. = (1.2 - 0.2 (p /p )0.5) (7_,-18a) if a > 01.2 (2.36)g

I where
0.2(1-(p /p )0.5)

1 g

01.2 " - 18.0 1.2 - 0.2(o /p )0 5 }
g

1

For pressure changes from 1000, psi to 14.7 psi, al 2 varies from!

; 0.111 to 0.101. This is a reasonable value for transition from
i bubbly flow regime to churn-turbulent regime. There is no attempt
; to smooth the V in the transition region because any smoothing

method in the bbly flow regime will change the slope of Vgj1- in

j Fiq 3 and 4 from downward sloping to upward sloping.

2.1.4 Break Flow Model.

'

The break flow model contains both a critical flow model and a
subcritical flow model. When the pressure inside the vessel is'

j much higher.than that outside the vessel, the break flow rate is
limited by the choking phenomena and the critical flow model is

,

applied. When the blowdown is ending the pressure inside the

model is used.
'

pressure and the suberitical flowvessel approaches atmospheric
-

2.1.4.1 Critical Flow Model'

i

For a given constant upstream pressure p the reduction of the back
pre;3ure leads to an increase in. the flow rate. When the back

i pressure is reduced to a certain point, further reduction in the
: back pressure results in no further increase in the mass flow

rate. This maximum flow rate is then called critical flow rate
and the flow is said to be choked. For the steam generator
blowdown, the back pressure is 14.7 psia and the upstream pressure
decreases from 1000 psia to 14.7 psia as the transient proceeds.

,

i Except for the period which is close to the end of blowdown, there

insidggpeis a large pressure difference between the pressure
! steam generator and the back pressure. According to Fauske ,

if the break flow path has L/D ratio greater than 12, the pressure
,

at the throat is about 0.55 times of the vessel pressure.
Therefore, a vessel pressure of 26.73 psia, which equals to 14.7,

psia divided by 0.55, is chosen as the criteria for the transition<

between the critical flow model and the suberitical flow model.
Because the subcritical flow occurs at such a low pressure,
critical flow is expected to occur for almost the whole transient.
The break flow rate at the tail of the blowdown will be obtained
by the suberitical flow model described in section 2.1.4.2.
The two phase critical flow rate is one of the most important

i 20
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parameters that governs the transient. Many two-phase critical
flow models have been proposed over years. These models can be
classified into three categories according to the assumptions
about the velocities and temperatures of the individual phases in
the two phase flow.

1. Homogeneous Equilibrium Model (HEM)
2. Slip Equilibrium Model
3. Two-fluid Model

In the homogeneous equilibrium model, the vapor and liquid phase
is assumed to have equal velocity and equal temperature. In other

- words the two-phase mixture can be treated as a single fluid. In
the slip equilibrium model, the two phases are considered to have

the Moody modelgn thermal equilibrig) Thedifferent veFauske modelgties while they a
and the Levy model are,

examples of the slip equilibrium model. In the two fluid models,
the two phases are considered separately, each phase can have its
own velocity and temperature. The selection of the two-phase
critical flow model depends on several factors. Among the most
important factors are flow conditions at the entrance, the length
to diameter ratio, and the entrance effect. If the flow at the
entrance is either subcooled or single phase saturated liquid, the

lengtg diametegatio has been shown to ery important by
Fauske and Edmond and Smith The flow rateHenry , ,

for a short length break path is shown to be larger than for a
long length break path. The nonequilibrum effect can be used to
explain this observation. When a liquid is subjected to a rapid
decompression, it is possible for the liquid to remain in a
nonequilibrium, metastable state for a short time due to the
delays inherent in the nucleation, bubble growth and departure
processes. Similarly the nonequilibrium e ffects may occur when
subcooled or single phase saturated liquid flows through break.
For short test sections, the length to diameter ratio L/D is small
and the transit time is short so that nonequilibrium effect
becomes significant. This generally occurs when L/D < 12. For 12
< L/D <40 the assumption of thermal equilibrium is suitable
because the test section is long enough for thermal equilibrium to
become established.

The above mentioned L/D effects are usually observed with
subcooled or saturated one-phase liquid ' flow entering a
sharp-edged entrance. For a sharp-edged entrance the flow will
separate. After entering the test section, the liquid is in the
form of jet and the vapor at the liquid saturated temperature will
fill the space between the jet and the wall. The jet may or may
not reattach to the wall depending on the length of the break
path. This complication due to flow separation will not gr for
a rounded nozzle typ 6)en t ranc e . According to Pasqua and
Sozzi and Sutherland the flow rate associated with rounded,

inlet is greater than the shape-edged inlet. Also, this effect is
larger for small L/D ratio test section and higher subcooled
liquid flow. It is concluded that the HEM model and slip
equilibrium model are good for high quality flow or low quality
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flow with L/D > 12 while the low quality flow with short test

section can be calculated by the two fluij299 el or approximatelyd
jby the incompressible liquid flow equation

.

G= (2 g o (p _p ))0.5 (2.37)

In general, one should pay attention to the entrance effects.
This is especially true when the flow is low quality and the test
section is short. For steam generator blowdown, the flow quality
at the entrance is high suggesting that the slip equilibrium model
is adequate for the steam generator blowdown. Among the familiar
slip equilibrium models , the Henry-Fauske model is selected in our
code because it is simple and it takes into account the L/D effect
explicitly. The implementation of Henry-Fauske's model is given
in section 3.4. It has been proven to be a good choice.

2.1.4.2 Subcritical Flow Model

The pressure loss due to friction and geometry change is

represented by the standard equation:
.

Ap = (k + b) pV (2.38)
D 2g

where k = pressure loss coefficient due to contraction and
expansion

f = friction fractor
L = friction length
D = hydraulic diameter

The suberitical flow happens when blowdown is ending, the
break quality should be very high by then. Assuming pure vapor
flows through the break, the mass flux through the break can be
written as:

2p s ap 0.5G= gc (2.39)
(k + fL/D)

where p is the pressure dif ference between the system pressure
and the atmosphere pressure. Under the same assumption the break
enthalpy can be set to the saturated vapor enthalpy,i.e.

h =h . (2.40)
c g

2.2 Heat Transfer Model

The heat transfer from the primary side to the secondary side is
very important to the primary system response. As it is shown in
section 4.4.2.3, the heat transfer is equally important to the
blowdown process on the steam generator secondary side. This

,
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effect has .been ignored or inadequately modeled for many blowdown
calculations. The fact that many of these blowdown tests are
performed in large diameter vessels results in a large volume to
heat transfer area ratio which makes the heat transfer effect
small. However, in a steam generator secondary side there are
very large amounts of heat transfer aren provided by the tubes
which suggests that the heat transfer effects should not be
ignored.

As far as the stored heat is concerned, two models are used for
the calculation of hot metal temperature. If the conductivity of
the metal is low, a heat conduction model is adopted to calculate

- the temperature distribution in the metal. If the conductivity of
the metal is very large, the temperature distribution is no longer
important and a lumped parameter method is chosen to calculate the.
metal temperature.

2.2.1 Heat Conduction Model

A finite difference heat conduction model has been incorporated
into our code. The axial conduction has been neglected. This
assumption is justified by the low conductivity, and the
relatively small temperature differences and heat conduction area
in the axial direction. The wall of the pressure vessel is
treated as slab because it is expected that no significant
improvement will be obtained by modeling the pressure vessel wall
as a cylinder instead of a slab.

Because the conductivity is not very large for the vessel
wall (which is stainless steel), the temperature of the wall is a
function of both time and space coordinates. This temperature can
be obtained from the heat conduction equation:

#( ) (2.41)v2T+ =

where T" heat source per unit volume=

k thermal conductivity=

densityp =

C = heat capacity

The forward differencing scheme is used to solve the heat
conduction equation. More detailed description is given in
section 3.2.

2.2.2 Lumped Parameter Model

This method is applied to a conductor with uniform temperature.
Obviously, this is an idealized method since a temperature
gradient must exist in a material in order to establish a heat
flow. A reasonably uniform temperature distribution in a metal
can be obtained if the conductor size is small and the
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k

j

conductivity of the conductor is high.
,,

'
The convection heat loss from a body is equal to the decrease in
the internal energy of the body. Thus,

dTi -

-C M
i o = hA (T-Tg) E (2.42)=

where A is the surface area for convection and M is the mass of
4 the conductor. The initial condition is written
1

T =T at t=o ( 2. 4 3)9

is constant, the solution to Eq.(2.42)If the fluid temperature Tf*

is

-(hA/M C ) t (2.44)T= T f+ (T, -Tg) e

In our case, the fluid temperature is not constant, instead it.

i decreases as time progresses. To take this into account, we
assume the fluid temperature is constant in a small time interval
t. As a result, the temperature at the time state n+1 becomes:

;"+1 = T "+1 + (T" - T "*1) -(hA/M C )o. t (2.45)eg g

where T "+1 is the saturated temperature corresponding to p +1n
f

,

the pressure at state n+1. Using Eq(2.45) repeatively, the
temperature of conductor at any time step can be obtained. The
heat transfer rate can then be obtained by

6 = MC (i" - i"+1) m mp

1

2.2.3 Heat Transfer Model

During the blowdown process part of the heat transfer area is
. covered by two phase mixture while the other part of the heat-

'

transfer area is covered by almost pure vapor. The heat transfer
coefficient for the area which faces the two phase flow is very
large while the heat transfer coefficient which faces the pure
' vapor is very small. From an engineering point of view, the heat,

4 transfer coefficient of pure vapor can be considered to be zero.

For a real steam generator, the overa g eat transfer coefficient"U" is composed of the following terms :

1

A r-r A
1 1- 1 (2.47)+ + f+i ---- =

j i i m o

{ When the thin wall approximation is used,the equation becomes:

!
-

1
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1
- _ , _1__ , _t, +f+ _1__
U h K h (2.48)i o

For the' area which faces the two phase flow, the inverse of the
two phase heat transfer coefficient is much smaller than the wall
thickngss po conductivity ratio, which is about 0.0005(Btu /hr

F)geft**2 F) , or the inverse of heat transfer coefficient in t

primary side, which is about 0.0007(Btu /hr ft**2 .

Therefore, the accuracy of h is not important. In our model, agconstant value of 8000 Btu /hr ft**2 oF , which is the steady state
value of h is assumed to be the value of h during theg, g
transient.

2.3 Water Level Model
.

In the literature there are two kinds of water levels, namely, the
collapsed water level and the mixture water level. After the void
below the mixture level is removed, the mixture level becomes the
collapsed level. These two water levels are illustrated in Fig.5
The collapsed water level represents the total amount of water ;

inventory while the mixture water level represents the actual !

liquid distribution. . As far as the heat transfer is concerned, .I

the mixture water level is the one which is important and requires
careful modeling. Considering the mixture water level it is
interesting to know how it behaves and how it can be modeled.
From everyday experience we know what the water level is.
However, the definition of water level is not so obvious. If we

,

1 have pure liquid in one side and pure vapor in the other side, it
j is very clear that the interface is the location of water level.
I If now, vapor or air is bubbling through a liquid column, we have

two phase flow both under and above the distinct water level and
we can no longer define mixture level as the interface of liquid
phase and vapor phase. There fore it seems to be reasonable to
define mixture level as the location where the void fraction is
subject to abrupt change. This kinql of approach has been adopted
in the computer code TRAC-BD1(30). In TRAC-BDI, a level is
assumed to exist in cell i if

!

!

("i+1 - "i * U# ("1 - "i-1) > ALPCUT (2.49)#

|

|
1

provided that no level exists in cell (i+1) or (1-1). Here ALPCUT
is a predetermined cutoff value. Although this seems to be a
reasonable method for level detection, there are several problems
remaining:

4

: 1. If water level is formed from the top of the vessel,
| the given criteria has difficulty in defining cell
! i+1.
;

j 2. The predetermined cutoff value ALPCUT is somewhat
arbitrary.,

!
3. Without examining the absolute value of void fractioni

j in cells i+1, i, and 1-1, the application of the above
,

i
; 25
I,
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criteria can sometimes be misleading.

4. There is no connection between the mixture water level
at a particular time step to the time step next to it.
In other words, the continuity of mixture level is not
properly modeled.

As an attempt to overcome these difficulties the following method
is introduced. A water level propagation model is used to decide
where the water level is and in which node the water level
currently resides. If the water level disappears, a water level
reappearance criteria is applied to determine when the water
level will reappear. Once the water level reappears, the motion
of the water level is once again traced by the water level
propagation model.

2.3.1 Water level propagation Model

Two kinds of water level propagation methodsmethodgused ina the
water level propagation model.. The first is derived
from the continuity of matter. If one is attached to the water
level front and assuming the mass transformation between the
liquid phase and the vapor phase at the interface can be
neglected, then the continuity of the vapor phase and the liquid
phase requires

a (v - v ) - a (v + - v ) (2.50)+- -

y y y y

(1 - a ) (v -v) = (1 - a+) (v + - v ) (2.51)- -

g y g y

P

where the superscripts (-) and (+) denote the location just
below and above the interface as it is shown in Fig.5. Adding up
Equations (2.50) and (2.51) and applying the definition of j
implies

j = j+ (2.52)

From equation (2.50) alone, the water level propagation velocity
can be expressed as

"Y+-"V (2.53)
+

- v vv
y + -

a -a

This velo is also referred to as the " continuity shock wavevelocity"gg Using the drift flux notation for vapor velocity
Vy
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V = c.j + V (2.54)

equation (2.53) becomes:

, (ac.j + avd )+ - (ac.j + avg)" (2.55)
+ -

a -a
,

From Eq. (2.52), j =j+ =j therefore the superscripts can be
~

dropped and equation (2.55) is rewritten as:

(a+c + - a c. )j + (a+V- - +
d d) (2.56)-"Y-

y ,

+ -

a -a

=1.0, C = 1.0, and VgjIf there is pure vapor above the level 0
=0.0 so that

- - - -

, (1 - a c. )j - a Vg (2.57)y

1-a

This model is very good for describing the phenomena involving a
continuous water level change such as pool swelling under
intermediate transient. Therefore it .is used to simulate the
pool swelling before the water levd has disappeared. The second
method is a kind of interpretation. From the given void fraction
distribution we can interpolate to obtain the water level of a
control volume. The interpolation is made between the control
volumes immediately above and below the control volume in
question. A control volume i, which contains the mixture water
level front, and its nearest top and bottom control volumes-

i+1,1-1, are shown in figure 6 As we know,- the void fraction.

below the mixture level front is quite different from the void
fraction above the mixture level front. If we average the void
fraction below and above the mixture level front in control
volume i and call them abot ato respectively, the balance of the
void fraction in control volume S requires

a a +( V-mOa(ELEV)g g = ( m )g bot g top
*

where MIXL -mixture level in control volume it

ELEV = elevation of control volume volume it

If the void fraction abot, " top are assumed to be equal to the

void fraction a _1, a respectively, Eq.(2.59) can be rewritteng g
_
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as

(ELEV) a = (MIXL) og + (ELEV - MIXL) og (2.59)

After a rearrangement, the mixture level is obtained

"i ~ "i+1
(MIXL) =( ) (ELEV) (2.60)

,1-1 _ , i+ 1
,

Therefore, given a control volume which contains the mixture
level front, the value of mixture level can be calculated from
the void ' fraction distributicn. If the mixture level is smaller
than 1% of the elevation height of the control volume, the
mixture level front is assumed to cross the lower boundary and
appears in the lower control volume.

2.3.2 Water Level Reappearance Criteria

The water level will reappear after it disappears. It is not
clear whether the water level will reappear from the top of the
vessel or at some lower location. It is believed that under
certain ' situations , the water level . may reappear from the top
while under the other circumstance the water level may reappear -

at a lower location. The exact conditons for determining what
will happen may be very complicated. However, with some physical
insight, a simple approximate criteria can be established.
If the water should reappear from the top, the void fraction in
the top control volume probably will be quit high. Most likely,
the flow regime in the top control volume will be annular flow
regime. Now, if the liquid film is running down the wall, a
water level will reappear from the top. Therefore, the water
level reappear criteria for the top node is :

" top node > 0.8 and jg < 0,0 (2.61)

Should the water level reappear at some lower location, the
following argument will be used to establish the criteria.
Except for the possible liquid hold up introduced by the tube '

support plates, which will be discussed in chapter 5 the void,

fraction distribution will be stable provided that the void
fraction is higher at higher elevation. Some temporary inversed
void fraction distribution may occur but it probably will not
last long enough to be an important pattern. In other words, if
the water level front is formed, the void fraction above the
interface should be high while the void fraction below the
interface should be low. Applying this concept to the control
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. volumes the following criteria is established for water level to
reappear in node i

1+1 ' "re (2.62)

aM g<a ~ " cut
a

re

!

.

where
= reappear void fractiona

re

= cut-off void fractiona ,tc

For simpliticity, the cut-off void fraction is assumed to be zero
in the code SIT-SG. .Obviously, the water level reappearance
criteria at a lower location is not an accurate one. It is
considered as a back up criteria for the top reappearance
criteria.

2.4 Radioactive Particle Propagation model

When a steam . line break occurs, the large pressure difference
between the primary side and the secondary side may cause a
weakened steam generator tube to rupture. This is known as a
steam'line break induced tube rupture. When the primary coolant
enters the secondary side, it is expected.to flash to' steam.
This is much like the flashing of the secondary coolant due to
rapid depressurization in blowdown. Because the flashing
phenomena is already modeled by our code, the additional mass and
energy from the primary side can easily N handled in the thermal ~
hydraulic calculation. With respe s .o Tte transportation of the
radioactive material, mainly iodige pJ t inic iodine species, the
process is much more complex. Duung c.e process of flashing of
the primary coolant, iodine will be volatilized or retaine.d in

droplets g cforces whilethe small droplets formed by hydrodynamic
lodir.e species will be retained entirely in the .

The interactions between the bubbles and the droplets formed by
the flashing of. the primary coolant, and the bubbles formed by
the flashing of the secondary coolant and the continuous liquid
phase of the secondary coolant are complex and are beyond the
. goals of this project. In spite of these complications, we have

~

constructed a simple model .to show the effect of the- location of
the ruptured steam tube on the transportation of radioactive
material. During blowdown the flow in the secondary side of the
steam generator is highly turbulent and therefore the primary
coolant is likely to mix well with the secondary coolant.
Consequently, some portion of iodine or ionic iodine will be
attached to or disolved in the liquid phase of the secondary
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.

coolant and behaves more or less like the liquid phase on the
secondary. By calculating the trajectory of the. liquid phase of |.

the secondary coolant, one can get the idea of the trajectory of !

the above mentioned radioactive material. For simplicity, we do j
not distinguish these two trajectories. Also the axial mixing is !

'

ignored. The ~ trajectory. of the radioactive material can then be
obtained by the integration of the liquid phase velocity.

t
'

H(t) = H. + Vg (H, t')dt' (2.63)

.

where
H(t) = elevation of radioactive material at time t.
H = initial elevation of radioactive material at time

to

t = time at which steam tube rupture occurs.g

t = any instant of time,. ot>t .

V = liquid velocity as function of elevation H and time
1

t.

Using the' control volume notation, equation (2.63) becomes:
~ n-1

H(nat)=H.+[V (t) At (2.64)*k=1

where

nat t = any_given instant of time.

subscript k = k th control volume, where H(t-At) resides

2.5 Pool Entrainment Model

Entrainment of liquid drops from a continuous liquid phase
interface often occurs in various conditions involving heat and
mass transfer. The mechanism of entrainment is different for each
-condtition. For an annular dispersed flow in a pipe, the liquid
drops are entrained from liquid film to central region by the gas
flow. Several different entrainment mechanisms have been
proposed. The shearing-off mechanism of roll-wave crests is
proposed for coeurrent flow while the abrupt, large-magnitude
. waves is considered as typical phenomena for countercurrent flow.

In contrast to the above mentioned phenomena, the continuous
liquid phase may be located below the vapor phase. This can occur
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when liquid drop is entrained by vapor bubbling through a liquid
pool. This is called pool entrainment.

In our simple model, there is no distinction between dispersed
liquid phase and continuous liquid phase in annular dispersed flow
regime. Therefore, only the pool entrainment phenomena are
modeled. However, it should be pointed out that the entrainment

from- liquid film might k33)quite important for dryout front
prediction. Ishii' model is. adopted to calculate the pool
entrainment phenomena. This is a physical model developed by
considering droplet size distribution, initial velocity of
entrained droplets, droplet motion and droplet depostion and it is

- shown to correlate a variety of data over a wide range of
experimental conditions. According to Ishii, there are three
different regions in terms of entrainment above a bubbling pool,
i.e., near surface, momentum controlled and deposition controlled
regions. Furthermore, depending on the droplet generation
mechanisms, there are three different correlations in the momentum
controlled regions.

The pool entrainment model can.be summarized below:

(1) Near surface region

This region is limited to the vicinity of the pool
surface given by

,

3 * N .5 D
* 0 *0.420 <* h < 1.038 x 10 j

9 99 H ( ap j*

In this region, entrainment is given by

/p i-1.0
Eg (h,j ) = 4.84 x 10-3g I (2.65)

(2) Momentum Controlled Region

This region is limited to the intermediate height range
given by

M3 0 *0.42*
35 D <h1.038 x 10 3 *

9 ug H q ao j =

.

*0.42[apj\0.23
P3 0N .33 D g< 1.97 x 10

H
'

99

This region is subdivided into three regimes, depending
on the gas velocity:
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(2-1)For the low gas flux regime limited to

j */h* <-6.39 * 10-4g

the entrainment is given as

- N * *-1fg(h,j ) = 2.213 N .5
1 *1.25

D j j h (2.66)E
g g g

.

(2-2)For the intermediate gas flux regime bounded by

( j /h < 5.7 x 10-4 N-0.5 D -0.42 Y j6.39 x 10-4
* * *

9 ug H g apj~

the entrainment is given as

*1.25 [ P
-0.316 *3 *

7g(h,j ) = 5.417 x 10 3 h -3 N .5 D1 SE
9 9 ug H g ap j

-

(2.67)
(2-3)For the high gas flux regime limited to

5.7 x 10-4 N g.5 D-0.42[PS\0.10
* * 0 *

j /h >
g v H'

q so;

the entrainment amount increases very rapidly as

* *
fg - (j /h )7-20 {2.68)E

g ,

'(3) Deposition Controlled Region Above the height given by.

*
0 *0.42 0.233

N .33 Dh > 1.97 x 10
ug H so ,

the deposition becomes the main factor determiaing the
amount of entrainment. In this regime, the entrainment
decreases gradually with height due to deposition and is
given as

-1.0
fg(h,j ) = 7.13 x 10-4

*3 O5
E j N

g

(2.69)

In Equations (2.6Q through (2.69), the definition of
gg,h and j are given asentrainment E g

32



E =Pt1 (2.70)is
PMv

*

g[o (2.71)h 3h

[h} 1/4
*

(2.72)j aj'

g g

(#9/

This entrainment model is an optional model and the user can
decide whether to use it or not.
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3. METHODS OF SOLUTION-

With the boundary conditions provided by the break flow model and
under the assumption that thermal equilibrium exists between
vapor phase and liquid phase, the flow distribution inside the
secondary side of the steam generator can be established without
a momentum equation. This is done by a two-step scheme. First,
the pressure is assumed to be uniform inside the pressure vessel
and the whole pressure vessel is considered as a single
component. The mass and energy equations are solved for~the
pressure of this component with boundary conditio'ns provided from
the calculation of break flow model. This single component
system is referred to as the global vessel system and shown in
Fig.7. After the pressure is obtained, the local void fraction
and flow distribution can be determined using the drift flux
model under the assumption of thermal equilibrium. This is
referred to as the local control volume system and is also shown
in Fig.7. For a local control volume system the flow path is
divided into many control volumes , and each control volume is
stacked on the top of another control volume. The connection
between a pair of control volumes is called a "j unc t ion" . For
each control volume the conservation equations can then be
integrated over space and written as:

'dM

g)j
3

D + D
"~ *nA (3.1)de vv g

dU
i *~7(+d Dh +d Dh) * nA +Q +Q (3.2)

+ + . .

dt v vv g gg y g

The energy equation can also be rewritten in terms of enthalpy:
dP

i . , ,

Ah +j p h )j nAj+Q + Q,g (3.3)" ~

dt- i dt y vy g gL yy

A finite difference scheme is used to solve the integrated
conservation equations. All the properties inside a control
volume are considered to be uniform. State properties such as
pressure, density, enthalpy and void fraction are obtained at the
center of the control volumes. The fluid velocities are defined
at the junctions (control volume boundaries). These velocities
are determined from the conditions in the control volume right
below the junction.

3.1 Hydrodynamic Modeling

With time discretization the equations (3.1) and (3.3) become:

" (Id D +d01 1) ^)j-1 - ((d D +dDt L) ^)j (3.4)
e vv vv
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g "+1 -H" (P - P")V
+j h )"+i A)3_t

1 i
_

at At g

((j p h + j o h )"+ A) +6" (3.5)- ggg

where~the subscript i is the index for the control volume and the
subscript j is the index for the junction. The superficial
velocity j are defined as positive for the cocurrentj1y ,
up flow.

.

3.1.1 The Global Vessel System

The conservation equations for the global vessel system can be
obtaine'd by summing up the conservation equations for individual
control volumes,

n+1 n
M -Mg g

at vy tt A)h - (Id 0 +30)+ A) (3.6)" ( {d P +dP) vv 11

H -H" (P" - P")V
+(dPh + j p h )"+at At vyy ggg A)g"

- ((d 0 h + j o h )# A) +k" (3.7)vvy ggg g

To close these. equations, a state equation is required:

M "+1 H "+l
n+1 , h "+1) = f( ) Mpn+1 , f(p .g y y

c

Fo g gi g At and boundary conditions, the three unknowns M
Tke . boundary conditions are provided by the mass ank en(er.8)G

*

H ,p can be solved from equations (3.6) throu h 3 .

gy flow
rate of the feed water flow.and the break flow. The mass and
energy flow rates of the feed water flow are determined from the
action of the feed water pumps , the emergency feed water pumps
and the control systems. In this model, the feed water flow
condition is assumed to be given. If there is no feed water flow

,

such as , the case in our experiments, this value becomes zero.
The break flow is determined by the break flow model. If the
break flow is choked the break flow model requires the stagnation
Pressure, p

and the stagnation enthalpy,only th8, pres sure ,ocation
h at the l,

upstream of the. break. Otherwise, p, is
required. In either case the required information can be
obtained from the results of previous state calculation.

th setsg{equgonscanbesolvedbygivenAs mentioned above,
p"g7 M" H In this code, hogver,a at and calcualte .,, Cthe equations are solved by givikg the new pressure,p" and,
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i

t

!

|

|
t

.

calculating at, M "+1
H "+1

There are two advanta es in"+1 .

ki),If C at is given, we need to so ve p )|. doing igthis,y)ay:,h "f( p which requires initi 1
Pressure ,p"4 guess and iteration of

j = g

=f(p + , htg%1)newL -pr g ure. .is given we now solve,n
which usually does not require iteration.! p

! (bi) The time keep is automatically adjusted. For a given
|. constant " pressure step", the corresponding time step size is not
| constant. If the transient is more severe the depressurization
| rate is larger and-the corresponding time step size becomes
| smaller as it is shown in Fig 9.

I -Under saturation conditions with a zero feed water flow, the
equations (3.6) and (3.7) become:>

- M " = - (G"A)out(o -A a) V 0* (3*9)f fg g g g

|
(P h - (p h -ph)a [ V -H "( ~ } -( A)out 0*

'

ff ff g g G G

|

+ h " At (3.10)g

Where (h")o t is the flow averaged enthalpy at the break junction
defined as

dAh +Johh", g = g g t )"vvy amjp +Jo out-

yy gg

For simplicity, in the equations (3.9) and (3.10), the break mass
and energy. flow rate are calculated from the previous state, as a
substituation~ of the intermediate state, and serve as the
boundary condition ~s. Eliminating a n+1 from equations (3.9) and
(3.10), at can be obtained. G

-p (H "+(P" -P")V -p " h "+ V )+(o h -p h ) (M E" V}fg g g f f ,g ff gg G f G._

+
((GhA)g" - h") + (p h - o h )"+1 (GA) "-p

gg g ff g

I
i (3.12)
L
i- 3.1.2 The Local Control Volume System
i

Assuming saturation condition prevails, the conservation
,

equations for the local control volume system can be expressed in!

j the following form.

i

i
!

|
~

!
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(o (1-a) + (p a)) n+17 _ n,
f

At - ((j o"+j dp ")A at (3.13){ {j D + Jg P f )A)j,1y g v g f

(p h (1-a) + p h a)) n+1V -H"=fg f

(p - p )V + ( (j "+ o "h " + J "+ p "h ") A) Atg f f ,7

- ((j ob +J o %g")A)jat+k"At (3.14)f gy g g g

Here, we use the old state thermal dynamic properties to
represent the intermediate state thermal dynamic properties.
To close the equations, we need the drift flux model

"+I
(j )3"+I = a(c.j + Vg3)3 (3.15) .y

"+1
Using thesg7three equations, the three unknowns , a ."+1, (

can be solved, provided that the flod rates ob
,

"

(ji)d -1 s,.re given.and
j There fore , if we start from the bottomjunction

control volume, the equation set can be solved one by one
sequentially. Once the junction flow rates for a control volume
are obtained, they serve as the boundary conditions for the next
control volume.

It is of great interest to find out the solution of Eq.(3.13),
(3.14) , and (3.15) can be expressed in an explicit form by means
of the following manipulations. First, the superficial liquid

. velocity j7 is substituted by j-j and Eqs(3.13), (3.14) becomey

f g ) "Na V - M " = (GA) "+E at - (p "j"+I(A -p "j n+)) A Atf -p

(p h - (o h - p h )a)f V -H"="
fg gf g

(GhA) "+ At - (p "h "j"+ - (p h - o h )"j "+ ) A At,g f g fg gg y

+ (p - p")Vf+6"At (3.17)
1

n+1
The' void fractiona can then be eliminated from Eqs. (3.16) and

f(3.17).
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(

f)+V - p h ) +I + H "(pj - p )"+I(o p h
8 i i (O hff'M-

f

"+b= (CA) + At (o h -ph) - (GhA) at (p f )#1ff

(-p "(o h h )"+I + q"h "(p -p ) "+I) g "+ 5+ -

f ff g f f

- p h )"+1 - "+1(p _p )n) n+1"
+ (pf g (o hff

- ((p - p")V +6"at) (p )n+1

n+U 2 n+1/2 n+1/2 in Eq.(3.15) areyFor simplicity, the a ,e , lreplacedbya",c",V)"respectkvely. AE a result,
o g

(j )) = a " ( C "j "+ ")j (3,19)+y
y i

With Eq(3.19) and a new defined quantity

-o (o h - o h )") (3.20)COEF E (p " (o h - p h )"+ "

gg fg gg gg gg

an explicit form of total superficial velocity for junction j at
the intermediate state n+1/2 can be obtained as

j n+1/2=ABOVE/BELOW (3.21)
j

where

f g g )"+I n(gf - h )"+I + H "p "+1ABOVE = - (o p h y .g hg f f

+
- (GA) At (p h - p h )"+I + ((ChA) At+h"Atfg

+I+ (P - p )V ) p - (COEF) A at a "V (3.22)f

BELOW = (-p "(o h - p h )"+I + (o h )" o "+I + (COEF) a " C.") A Atgg gg.

(3.23)

If the control volume i happens to be the control volume where
water level resides, the volume flow rate of liquid at the
junction located between control volume i and i+1 is neglected.
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In other words , we can substitute a"=1.0 ,c
Shhe= fore ,n 1. 0, (vMe) 3=0. 0"

into equations (3. 21) , ( 3. 22) , and (3.23). total<

superficial velocity becomes:

j n+1/2=A1/B1
j

'

where

V - M "(p h - p h )"+ + H " (p - p )"+A1 = - (p p hg )"f 1 g fg g f

- (CA) (p h - p h )"+ At + ((GhA) At + Q "At
"

_y fg gg _y g

+ (P - p )V )p (3.24)g fg

B1 = (h "(p )"+I + (p )n+1) Ag Ng-p n
f

_p

After j"+1/2 is calculated , Eq 3.19) is used to solve the
n+1f2 The difference betweensu g icial vagoy2 velocity j,of +coursY, the superficial liquid velocityn1 1.j"n+1/2and j "+1/ n 1/2The j ,j so obtained are then substituted

jbto Eqs(3.1}} "and (3.14h to
.

i set the new void fraction a +1 andn

new mass M " and enthalpy Htt

3.2. Heat Conduction Model .

The general equation for the heat conduction is given as:

(y)2 9 P7T+ (3.26)=

k

For a heat slab without a heat source, the one-dimensional form
of equation is

( ) (3.27)=
k

Considering a slab in Fig.8, with the foward difference scheme,
the equation for the interior node is given by

T , g " - 2T " + T _ g " pC T" -T" (3.28)g g g p g g

2 k At3x

or
,

i
~ x"} ip p 1-1 i+1 } ' 9}" + +3
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From the definition of Fourier modulus,

pphF. E

Eq(3.29) can be rewritten as:

d=(1-2F )T %F (T ,7%T +1 ) (3.30)T
i O y 0 t i

From the stability analysis it is found that F should not0
greater than 1/2.

The expression for surface temperature is slightly different from
the expression for interior temperature. Referred to Fig. 8 it
is noted that only half a solid layer is involved in the
determination of surface. A heat balance at the surface is given
by

n n pC Ax
T2T1 n (In+1 , 7 n) ( 3. 31)" ''#* p

( - T ") + =
k g 2u,

where T " is the fluid bulk temperature and h is the heat'

g
transfer coefficient by convection. The above equation is
rearranged as

T " + 2F. (T " - T " - Bg (T " - T "))T =
g g 2 1 g g

(1-2F. + 2F.Bg ) T " + 2F.T + 2F.B T" ( )*=
g 2 gg

where F. = Fourier modulus

B = hax/k, a Biot number on Ax as a characteristic lengthg

The re fore , both the surface temperature and the temperature of
the interior nodes can be calculated explicitly from the previous

nttime step. The stability of this equation requires F B0 i ax
greater than 1/2.

3.3 Time Step Control

To obtain a reasonably accurate result and to avoid the possible
numerical difficulties a small time step is required for a fast
transient. This requirement can be relaxed as the transient
becomes slower and the changing of system parameters also becomes
slower. In order to save computational time, the largest
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possible time step size is always desirable. Unfortunately, the
transients usually do not proceed with the same speed and a code
user can not forsee the appropriate time step sizes for a given
transient.

As it is described in section 3.1, the ' pressure step' concept
can automatically handle this difficulty. In SIT-SG, the time
step size is mainly determined by the given pressure step size.
The so obtained time step size is then subject to an upper
limitation specified by the computer code user. The user
specified maximum time step size should not be greater than (1)
the maximum time step size required by the stability of heat
conduction equation, described in section 3.2.1 and (2) the
Courant condition which requires that the time step size be
smaller than the node size divided by the flow velocity. The
procedure for this determining process is given below:

1. From the given constant pressure step size, the automatic
time step size is calculated.

2. The calculated time step size is compared to the input
maximum allowable time step size. If the calculated time
step time step size is too large, the pressure step size
is automatically reduced by a factor of 0.9 and the step
1,2 is repeated until the calculated time step size is
smaller than the maximum time step size.

3.4 Implementation of Critical Flow Calculation

The detailed procedure of implementation of critical flow model
is given as follows:

1. Obtain the stagnation enthalpy h :g

h = (1-x )h +x h (3.33)o o g g g

where x = quality of the control volume at the upstream ofg
the break

By substituting

1 (3.34)
** ~ 1 + (V o (1-a))/(V p a)gg yy

h can be expressed aso

h. = (p j h + p j h ) / (p j +oj) (3.35)
y yy ggg y y gg

where j = superficial vapor velocity = V ayy

j = superficial liquid velocity = V (1-a)g
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2. Set a higher limit of local quality xH = 0.01.0
and a lower limit of local quality xg=

(*H + *L)/2 and use x to3. Gue s local quality x "
cc

calculate G
dv

2G . _8 s/((O - x + sx )* ) + (( + sx - * )!Pc c c c c c g

^

dx .
2+ (2sx - 2s -2s x +32)/o ) (3.36)c f g

.

where

s = slip ratio = /pg/p
v = saturated vapor specific volumeg

dx 1-x dh xf),,

dp h dp h dpfg f

In the above equation, all the properties are evaluated at the
throat pressure

P = 0.55 po. (3.37)o

where po = stagnation pressure
'

24. Use x and-G to calculate hc a
1-x

h (II-* s/o - x /p Wx + } ( }h. = (1-x f + *c a + 2g J
*

c f c g c 2c s
c

In.this equction, again, all the properities are evaluated at the
throat pressure.

5. If h (step 4)> h (step 1), replace xH ) y xb and repeatpo o
if h (step 4 < n (step 1),sten 3 to 5 On the other hand, o o

replace xt by x and repeat step 3 to 5 21f the two h from stepo
4 and step cogverge, calculate G from G

3.5 Determination of Void Fraction Distribution in a Control
Volume

For a given control volume and a given volume averaged void
| fraction, the void can distribute in various ways in the control

volume. Figure 10 illustrates some of the possible void fraction'

distributions for a non-zero vapor flow rate. For a low given
,

void fraction, the void fraction can distribute as Fig.10.a1 and'

Fig.10.a2. Similiarily, for an intermediate void fraction, the,

l distribution can be Fig.10.bl, 10.b2 or 10.b3 and for a high void
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fraction, the distribution can be Fig.10.c1, 10.c2, or 10.c3.
How the void fraction ends up in its current configuration
depends on the history of the development process as well as the
value of the void fraction and the flow conditions. For example,
for a given high void fraction the. tendency for various
distributions is discussed. If we know, from the history, that
the water level resides in this control volume and the vapor
velocity is low then the void is most likely to be distributed as
shown in the Figs.10.cl and 10.c2. On the other hand, if the
given control volume is located above the control volume where
the water level resides or if the vapor velocity is very high,
the void is most likely to be distributed as that shown in
Fig.10.c3. If we overlook the differences between these two
conditions, the results can be misleading. In an attempt to
differentiate these various possibilities, the following
selection logic is established:

1. From the previous state information, the control volume
where the water level resides is identified.

2. If the water level resides in the given control volume,
the flow regime below the mixture level is determined from
the average void fraction below the mixture level and the
vapor velocty. The average void fraction below the
mixture level is assumed to be the same as the average
void fraction of the control volume right below the given

d3yapor velocity,'given in table 1,control volume.
which determines the transitionproposed by Ishii ,

from the churn-turbulent flow regime to the annular flow
reime is used to determine whether the annular flow regime
shown in Fig.10.c3 actually exists.

3. If the mixture level does not reside in the given control
volume, the average void fraction of this control volume
and the vapor velocity are used to determine whether the
void fraction distribution is 10.a2, 10.b3, or 10.c3.

.
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4. VERIFICATION OF MODEL

This chapter presents the calculations performed by the code
SIT-SG and the comparisons with the experimental data. The

.

experiments being simulated include: Battelle-Frankfurt blowdown,
General Electric (GE) small vessel blowdown, GE large vessel
blowdown, and M.I.T. steam generator blowdown test. For each
experiment, a brief description about the test is provided so that
a clear picture of the . experiment can be obtained and a better
understanding of the results can be accomplished.

4.1 Battelle-Frankfurt Blowdown Test

4.1.1 Test Description

The SWR-2R test (34) conducted at the Battelle-Institute in
Frankfurt is designated as the OECD-CSNI Standard Problem No. 6,
and has been simulated by TRAC-PD2 and other codes. Valuable
information about the experimental well as the results
from the code prediction are providedg asand compared.

The test apphratus is a vertically oriented steel vessel
of 2.546 ft(0.776 m) in inside diameter and 36.68
f t(11.18 m) in height. The vessel is fitted with a rod
bundle heater located between 8.825 ft(2.69 m) and 17.03
f t (5.19 m) from the bottom of the vessel. A horizontal
discharge pipe of 0.47 ft(0.143 m) in inside diameter and
1. 54 f t(0.47 m) in length is connected to the vessel at
an elevation of 32.16 ft(9.94 m) from the bottom of the
vessel. A square-edged orifice plate of 2.52
inches (0.064 m) in inside diameter is mounted at the end
of the discharge pipe. Blowdown is initiated by
destroying a rupture disc installed downstream of the
orifice.

To perform the test, the vessel is filled with subcooled
water up to a certain level and is then heated up to a
pressure of 1024 psi (70.6 bar) and an average water
temperature of 545 F (558 K). After this condition is
attained, the heater is turned off and the blowdown is
initiated.

Several pressure taps are placed at different vessel
levels as well as in the discharge pipe to monitor the
pressure during the transient. The errors in the
pressure measurements are approximately 17. The fluid.

density at the discharge nozzle is measured by a two-beam
gamma densitometer. The accuracy of this measurement is
approximately 12%. U.ere are also two drag bodies to
measure the fluid momentum at the discharge nozzle. The
break mass flow rate is determined from the fluid density
and the - drag body measurements. The error in the
measured discharge flow rate is estimated to be between
10 to 157.. The time history of the mixture water icvel
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i electrical contactsis measured by a stack equipped wit
at many axial locations. The accuracy of the mixture
level measurement is +0.02 m.

4.1.2 Input Model Description

The test vessel is represented by 23 nodes. The number of nodes
is the same as that calculated by TRAC-PD2 drift flux model so
that a fair comparison of computer time usage can be made. The
geometric effects of the rod bundle heater is taken into account
by decreasing the flow area by 22% and hydraulic diameter by a
factor of 10 compared to those for the vessel without heater. To
make a simple one-dimensional modeling, the vapor space above the
break location is neglected. Two separate calculations are
performed with two different drift flux model constants in

churn-turbulent flow regime. The first drift flux constant is
given by the Wilson's model and the second one is given by
equation (2.12) both are limited by the upper bound limitations
described in section 2.1.3.

4.1.3 Code Prediction and Comparison with Data

It is found that there is almost no difference between the results
performed with the two dif ferent drift flux constants . There fore ,
no distinction can be made from these two results. Figure 11
shows the comparison of the pressure predictions by our
code (SIT-SG) by TRAC-PD2, and the measured data. The slope of,

our prediction is about the same as that of TRAC prediction and
the data. The initial under-shoot of the data, which is present
because of the delay'in the onset of flashing, is missed by all
the code predictions. There is a sudden slope change at about 0.1
sec in both TRAC predictions. It is not clear why the slope
changes in the TRAC calculations. There is no slope change in
SIT-SG prediction during the initial blowdown period and as a
result, the pressure prediction in our code is overestimated.
Figure 12 shows the mass flow rate through the break. During the
early part of the transient (t < 2 seconds), only steam flows
through the discharge pipe. As the transient progresses, the
two-phase mixture in the vessel swells. When the mixture level
arrives at the discharge pipe, the break mass flow rate increases
sharply because of a sudden increase in the fluid density. This
happens at approximately 2.3 seconds in the test. A very close
prediction of this timing has been made by our code. The slightly
early arrival of the mixture level at the discharge pipe and the
slight overprediction of the break mass flow rate are observed for
all code predictions. This can be attributed to the fact that no
discharge coefficient is used in any of the calculations while the
reduction of the break flow area at the orifice plate is to be
expected in the experiment.

Figure 13 shows the measured and the predicted mixture level.
Except the first 0.3 seconds, when the mixture water level does
not rise due to the delay in flashing, all the models predict a
fairly good water level swelling speed.
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Finally, it is of interest to compare the computer time usage.
For the calculations shown in Fig 11 to.13 , it takes 151 seconds
on the CDC-7600 computer for the TRAC-PD2 drif t- flux model
calculation. For the same transient, it takes 14 seconds on the
VAX-11/782 computer for our code (SIT-SG) calculation. It is
suggested that the running speed of VAX is 15 times slower than
that of CDC-7600. With this estimate, the computation time
required by using SIT-SG is 150 times smaller than that required
by using TRAC-PD2. The saving of computer time is great.

4.2 GE Small Vessel Blowdown Test

4.2.1 Description of the Experiments

Thg(0.28m )carbonpressyre vessel for the small vessel blowdown test (36)is a 10ft steel vessel, 12-inch (0.3m) in diameter and 14
ft(4.3m) in height. Different-sized orifice plates are mounted in
the blowdown line to limit the blowdown flow rate and vary the
depressurization rate. To perform a test, the vessel is filled
with demineralized water and boiled at atmospheric pressure for
approximately 30 minutes. This liberates any dissolved gas in the
supply water. A vent at the top of the vessel is then closed and
the water heated go the startigg corgditions which are norminally
1000 psi and 545 F (6900KN/M ,385 C). When the blowdown is
initiated, there are three basic types of measurements that are
made during the test: pressures, pressure differences, and
temperatures. Figure 14 shows the instruments used.

Two-phase mixture density in the measurement nodes is obtained
from the measurements of the axial dif ferential pressure, i.e.
hydrostatic head of the fluid. The density and the volume of the
measurement node determines the average void fraction

o - (o - o )/(o -# f} I'*II
f g

The two-phase level is determined by a linear extropolation of the
two-phase void profile below the level. The level is

l (b -De}
- -- (4.2)i i

L3 ,

(o _t -o}t s

4.2.2 Input Model Description

Threeseparateexperimentsarecalculag)andcompared. The first
,

| experiment does not have a g number 1004-2getheothertwoare
_

designated as test 1004-3 and Let's call the.
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first experiment " level swell test" so that it is easy to refer
to. For the level swell test, the initial pressure is 1042 psia,
the initial water level is 8.14 ft, and the break diameter is 3/8
inches. For the test 1004-3, the initial pressure is 1011 psia,
the initial water level is 10.4 ft, and the' break size is 3/8
inches. For the test 1004-2, the initial pressure is 1011 psia,
the initial water level is 10.5 ft, and the break size is 7/8
inches.

The test vessel in level swell test is represented by 8 control
volumes. For the test 1004-3 and 1004-2 the vapor space above the
break location is neglected because the mixture level reaches the
break elevation during the transients. To take into account the
reduction in flow area, a discharge coefficient of 0.76 is used
for all three calculations.

For a mixture water level calculation, the drift flux model
constants are selected as the following. Wallis' model is used in
the bubbly flow regime and several different models are used in
the churn-turbulent flow regime. These models include the Ishii
model, Wilson model, and equation (2.12).

.

4.2.3. Code Prediction and Comparison with Data

4.2.3.1 Level Swell Test

The predicted pressure for the simulated test is shown in Fig. 15.
Because the pressure responses for the calculations with three
different drift flux constants are the same, only one analytical.
result is presented. Excellent agreement between the predicted
pressure and the measured pressure is achieved. When the pressure
curve is compared to the Battelle-Frankfurt experiments in the
previous section, it is found that there is no apparent slope
change during the early period of blowdown. The mixture water
level predicted by the code and the mixture water level obtained
from GE test are compared in Fig. 16. The calculations with
Ishil's model overpredicts the maximum mixture water level while
the V by equation (2.12) predicts the right maximumswellik givenheight and the Wilson model underpredicts the maximum
swelling height. All the models overpredict the mixture water
level at the later period of the blowdown. To explain the
discrepancy of the water level response in each model and to get a

given by each model, thefeeling of the order of magnitude of V 4

plotsofV}vs. in Fig. 3 and 4 are 4bferred. It is noted that
the Wilsong model always gives the upper bound V,,4 value while
the Ishil's model always gives the lower bound val W in the range
o f 0. 2 <a < 0. 8. For a given void fraction and a total superficial
velocity,j, a larger Va leads to a smaller liquid superficial
velocity and consequently a less swelling of mixture water level.
This provides the reason why Wilson's model predicts the smallest
water level swelling while Ishil's model predicts the largest
water level swelling. '

l
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4.2.3.2 Blowdown Test 1004-3

The predicted pressure for the simulated test is shown in Fig. 17.
using . the V provided by equation (2.12)The pressure response

slightly overpredicts thepressurebhileE the V provided by the
Wilson model predicts an excellent pressure res se.

The predicted mixture level and the mixture level obtained from
the test are compared in Fig. 18. The Ishii's model overpredicts
the mixture level while both the Wilson's model and equation
(2.12) well predict the mixture level.

4.2.3.3 Blowdown Test 1004-2

This experiment is of particular interest because the data covers
the whole range of pressure, including the high, intermediate, and
low pressure range. The data is valuable for checking the
suitability of drif t flux model constants in the low pressure
range. The experimental pressure and the predicted pressure are
shown in Fig. 19. ~Because the calculated pressure responses are
the same only one analytical result is presented. Excellent
agreement between the predicted pressure and the measured pressure
is achieved. The predicted and the experimental mixture level
response are shown in Fig. 20. The calculation with the V given
by Eq(2.12) predicts a closest mixture water level respons

4.3 GE Large Vessel Blowdown Test

4.3.1 Description of the Experiment

The pres ure vef)sel used in the large vessel blowdown test (36) t,a 160 ft (4.5 m carbon steel vessel, 47 inch (1.19m) in diameter
and 14 ft(4.3m) in height. While both top and bottom break
blowdown tests are conducted, only the top blowdown is chosen for.

the verification of our code. The specific test number being
compared is 5801-15. Figure 21 is a schematic diagram showing the
vessel, the blowdown line, and the instrumentation locations for
the top blowdown test. The blowdown flow rate and
depressurization rate are varied by mounting different sized flow
limiting venturi nozzles in the horizontal portion of the blowdown
line. Rupture discs are used to initiate the blowdown. Test
procedure and test measurements are similiar to those discussed in
section 4.2 for the small vessel blowdown test.

4.3.2 Input Model Description

The test vessel is represented by 8 control volumes. Three drift
flux model constants calculated from the Ishii correlation, the
Wilson correlation, and Eq. 2.12 respectively, are selected for
churn-turbulent flow regime. No discharge coefficient is used for
the break flow calculation.
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4.3.3 Code Prediction and Comparison with Data

The comparison between the predicted and measured pressure are
presented in Fig' 22. The prediction successfully reproduces the.

measured pressure trace. As we notice, the break in this
experiment is simulated by the venturi nozzle which is different
from the break in section 4.2.1 in which the break is simulated by
the orifice plate, therefore, the excellent pressure prediction is
quite impressive. Since the system pressure depends largely on
the break flow rate, the adequacy of the critical flow model is
proved indirectly by the good match in pressure. Calculation of
the mixture water level are compared to the experimental data in
Fig. 23. Large variations of predicted mixture water levels are
observed when the calculations are performed with different drift
flux constants. The calculation with Ishii's drift flux constant
overpredicts the mixture water level while the calculation with
Wilson's drift flux constant underpredicts the mixture water
level. The closest result to the experimental data is given by
Eq. 2.12.

4.4 Steam Generator Blowdown Test in M.I.T.

4.4.1 Description of Experimental Facility

The steam generator simulator (see figure 24), is a simple model of
a PWR U-tube steam generator (see figure 25). The vessel of the
simulator is made from stainless steel pipe, 4.5 inches in outside
diameter, 3.826 inches in inside diameter, and 9.0 ft in height.
An external downcomer, 1.5 inches in inside diameter and 6 feet in
height, is connected to the steam generator vessel so that
downcomer effects can also be studied. The apparatus represents
only the secondary side of the steam generator. Instead of
receiving heat from the primary side, the water on the secondary
side is heated by electric heaters at the bottom of the vessel.
The heaters are used to bring the system pressure and temperature
tothenormalU-tugesteamgeneratoroperatingconditions,namely,
1055 psi and 550 F respectively. The blowdown section consists
of a 10 feet long, 1 inch stainless steel pipe, positioned
parallel to the vessel and ended into the suppression pool (as
shown in figure 24). The blowdown section is divided by two
flanges, between which the simulated breaks are placed. These
breaks are built from various sizes of tubing. The lengths of
tubing is chosen so that the L/D is constant at 20. (The short
L/D tube is not tested and there fore the nonequilibrium effects
,which is associated with the short L/D does not occure in the,

e of break sizes of interest, five breaktests.) To cover the rang /2, 3/8, 1/4, 1/8, and 1/16 of an inch.diameters are selected; 1
The 3/8 inch diameter is selected in order to make the break flow
area to vessel flow area ratio in the experiment the same as that
of the typical U-tube steam generator. In this way, a realistic
range of superficial velocities can be achieved in the experiment.
The other four sizes are used to show the effect of the break
sizes to the transient. The entrance to these tubes were rounded
as shown in Fig. 26. Right below the small size tubing two
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valves, a gate valve and a ball valve, in series are installed to
prevent leaking. To initiate a run the gate valve is opened and
then the ball valve is quickly opened by hand.

The suppression pool consists of a thirty gallon tank, which is
counter balanced by another 30 gallon tank through an "I" beam.
The blowndown pipe discharges the liquid and vapor into one of the
tanks. At the opposite end of this suppression tank the "I" beam
is fastened to the floor through two sections of chain jointed by
a rod which has strain gage mounted on it. The strain gage is
used to measure the mass added to the suppression tank. With this
information the total amount of expelled fluid (which is also
called carryover in the following context) at any instant can be
obtained. For the large breaks, the first few seconds discharge
measurement is flawed by the pool dynamics. Thermal couples are
installed in the suppression pool to measure the pool temperature
throughout the whole transient. The measured temperature is then
used to determine the total amount of energy associated with the
expelled fluid. The quality of the expelled riuid (break flow)
can be obtained from the measured time integrate d mass and energy.

4.4.2 Empty Vessel Tests

4.4.2.1 Test Description

The experimental procedure for these tests includes filling up the
vessel with approximately 11 liters of water and heating up the
system. Initially the vessel is left open for about 10 minutes,
so any air trapped in the vessel can escape. The system is then
sealed and brought up to pressure. After the system pressure has
stabilized at the desired value, the heat source is turned off and
the transient initiated.

4.4.2.2 Computer Code Input Model Description

Because the experimental results (38) did not show that the
downcomer ef fect is significant(as it is illustrated in Figs 26a
through 26d), only the runs with the downcomer valve full open are
calculated and compared. With the one dimensional assumption, the|

downcomer is lumped into the main vessel. The overall space is
| represented by a series of control volumes with 9 cells. Each
; cell has the same height. The total volume of the test section
I equals to the sum of the space inside the 4 inch diameter vessel

and the 1.5 inch diameter downcomer. Because the valve was open
there is every reason to expect that the temperature in the vessel
and downcomer are the same. Dividing the total volume by the
total height of the test section, the flow area of the cell is
obtained. The weighted mean drift velocities being selected are
from:(1) Wallis' model(equation (2.7)) for bubbly flow regime , (2)i

Equation (2.12) with the associated limits for
'

upper
churn-turbulent flow regime, and (3) Ishii s model(equation

,

: (2.22)) for annular flow regime. The selection is based on the
! results obtained from the comparisons between the predicted
i mixture level and the experimental mixture level for the five
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tests described in section 4.1 through 4.3.

4.4.2.3 Code Prediction and Comparison with Data*

and comparisons with data obtained byc g predictionsThe
are made with two initial pressures, which are 1055 pstParlos

Except the initial pressure the test
and 800 psi respectively. . for 800 psi are exactly the same as that

,

conditions and procedures
for 1055 psi. The comparison between the code prediction and the
experimental results for two initial pressures are used to show
the appicability of the code in various initial conditions.

4.4.2.3.1 Initial Pressure of 1055 psi

The three middle break' sizes (3/8", 1/4", 1/8") out of the five
tested break sizes (1/2", 3/8", 1/4", 1/8", 1/16") are chosen as j

the object of comparison between code prediction and experimental
result.

In Figures 27 thru 32, the transient pressure and percent of
carryover are shown. For each figure there are three curves,
namely, code prediction with realistic heat transfer model, code
prediction without heat addition, and the experimental result from
our laboratory. Several conclusions can be drawn from the
comparisons:

1. In general, the agreement between experimental results
and the prediction results are good. For the pressure
response, very good agreement has been achieved for 1/4"
and 1/8" break and reasonably good agreement has been
achieved for 3/8" break. For the carryover response, the
agreement in all three cases are all very good. (When
blowdown is initiated, because of the upward motion of
liquid in the tank there is an uplift force on the tank
and therefore a dynamic b?avior is observed in the first

,

few seconds. After the vater in the pool settles down,
the experimental result shows only slight difference from
the prediction.)

2. The effect of heat transfer is significant. The
transient response, especially the amount of carryover,
shows that an adequate heat transfer model is very
important when describing the whole transient response.

.

For some break sizes, the measured pressure is higher than the
calculated pressure. The possible reasons are (i) In the
experiment, the break is initiated manually, which leads to a time L

lag before the break is fully open. In the model the break is
'

assumed to be open instantly and there fore a faster
depressurization rate is predicted. (11) The steam may condense ;

inside the blowdown section which decreases the break quality. ;

(iii) The uncertainty associated with the critical flow model.
|

To get a feeling for the thermal hydraulic behavior in the vessel,
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the superficial gas velocity j and the superficial liquid8velocity j7 for 3/8" break are shown in Fig. 33 and Fig. 34
respectively. Initially, both j$ troland ji are zero. When blowdown
begins, the j in the upper co volume shows an increasing
jump As tide increases the j in the top control volume sta s.

8almost the same value because of the critical flow restraint whi e

the j$reasesin the lower control volume increases due to flashing and
ji de in the lower control volume due to the effect of
gravity. After the mixture water level reaches the upper control
volumes, the j in the upper control volumes has a reducing jump
while the ji hEs an increasing jump which makes the upper control
volumes behave the same as the lower control volume. The
superficial liquid velocities are shown to be positive only at the
very beginning of the transient and slightly negative values are
calculated throughout the rest of the transient. This iadicates
that countercurrent flow characterizes the transient response.
Another way to show the relationship between j jl is given in
Fig. 35. A pressure of 1000 psi is used to ct%, ate the constant
void lines in Fig. 35. The number of 1 to 8 represents the
constant void lines from a= 0.1 to a= 0.8 respectively. The
process of the whole transient faced by the upper, middle and
bottom control volumes for 3/8" break are indicated by the arrow
and the symbol of U, M, B respectively. To illustrate the flow
regimes of the simulated steam generator during the transient,
Fig. 35 is replotted as Fig. 36. The description of the flow
regime transition criteria in Fig. 36. is given in subsection
2.1.2.

Fr'om Fig. 35 and 36, it is found that

1. Ishii's churn-turbulent flow vs. annular flow transition
criteria is not important in the empty vessel test.

2. For the bott om control volume and middle control volume,
the flow pattern is bubbly flow regime in the very early
period which changes into chun-turbulent flow regime
later. For upper control volume, the flow pattern is
dispersed flow or annular flow in the beginning which
passes through churn-turbulent flow regime and back to
annular or dispersed flow regime.

During blowdown, liquid droplets will be entrained to the space
above the mixture Itvel. We are interested in knowing whether
entrainment is important for modeling the system transient
response for a MSLB or FLB transient. Specifically, we are
interested in the ef fect of enrainment on the total amount of
carryover and the water level propagation during the blowdown.

It is noted that the entrainment from a sharp water-vapor
interface into a large diameter tube is similar to the pool
entrainment. By applying Ishil's model to our test section with
five superficial vapor velocities which are typical values for our
blowdown test, namely 10.0, 8.0, 6.0, 4.0, 2.0 ft/sec, the
relationship between entrainment and height above mixture level

52

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



_ _ _ _ _ _ _ _ _ _

are observed in Fig. 37, 38. In these figures, the dash lines
represent the region where correlation is not available and lewer

on the y-axis isestimate value is given. The entrainment Egg
defined as

=0dt1 (2.70)E

Odvv

These figures indicate that beyond certain height, that being in
deposition controlled region, the entrainment is essentially
negligible. Therefore, if entrainment is to be of any
significance, it must be in the near surface region or the
momentum controlled region. To see the effect of entrainment on
break flow rate, an example calculation is made. For the example
enclosed, two cases with same given pressure are compared and
shown in table 3. For case A, no entrainment is assumed and the
upstream condition of a break is given as pure vapor. For case B,
some entrainment is assumed. Because of the entrainment some
liquid is presented to the break. The amount of liquid being
presented to the break is given by

O'Noj -E p j
gg y y

.

In this way the enthalpy of flow at the upstream of the break
becomes:

h=Odh +pjhg,h +E hvvy y g

Dj +oh 1+Eyy gg

This is different from case A in which h = h (saturated vapor
Usin E value at the near stTtface region shown

enthalpy)37 and b,thethe bfeak flow rate for case B is obtained and.

in Figs.
compared to that for case A in table 3. From this table it is
shown that the effect of entrainment on the critical flow rate is
not ne is large. But this result
doesn'gligible provided the entrainmentt imply that entrainment also has large e f fect on overall
carryover. On the contrary, as it will be shown below that the
ef fect of entrainment on overall carryover is negligible.

Before discussing the effect of entrainment on overall carryover,
it is helpful to illustrate the water level response and the break
mass flow rate during the transient. The whole processes of the
water level response is shown in Fig 39 for 1/8" break.
Initially, there is a distinct water level in the vessel. When
the transient is initiated, the mixture water level goes up due to
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flashing, which is the result of fast depressurization. As the
mixture level goes up further, it may reach the top of the vessel
and the two phase mixture level disappears. This condition will.

) be maintained until two phase mixture level reappears some time
j later. The break flow rate is determined largely by the water
; level response. Figures 40 through 43 show the break flow rates
| for various sizes of breaks. At the beginning of the blowdown

the break mass flow rate is low because the break flow consists oI
,

; almost pure vapor. Once the water level reaches the break
entrance, the break flow rate suddenly increases due to a sudden
increase in the fluid density. After water level reappeared (as

i shown in Fig. 39), the break flow rate returns to the small value
because the break flow consists of almost pure steam again.

~

To evaluate the entrainment e f fect , we notice that there is no
entrainment when there is no mixture level. Also, there is little
or no entrainment when there is a large distance between mixture
level and the break. This is shown in Fig. 44. Therefore, it is
the period when mixture water level is close to but not high;

enough to reach the break that gives sensible effect to break flow
rate as shown in Fig. 40 through 43. The fact that this period is
short results in almost identical carryover response for both the

,

no entrainment and the with entrainment calculations.

The e f fect of entrainment on water level can be figured out by
From Eq. (2.70)looking at the value of j /j .y y

E
fg ( ) (4.5)-

v t

From Figs. 37 and 38, it is found that

= 0.45%
(J. /j/3)ylax = 0.49%at 1000 psi (Eg8),,x = 0.095

at 400 psi (Eg ) max = 0.28 (j
1 maxg

There fore , in terms of volume, the amount of entrainment is so
small that it has almost no effect on water level response.

The time integration of heat transfer from the wall for five break

1/16" diameter,/16"sizes, namely 1/2", 3/8", 1/4", 1/8" and are
time scale of 1calculated and shown in Fig. 45, 46. The

break is quite dif ferent from the other break sizes and therefore
is presented separately. The results show that the heat trans fer
from the largest break size turns out to be the smallest. As we4

can see the total amount of heat transferred for the 3/8", 1/2" .

break sizes (the larger break sizes) is smaller than for the other
: three intermediate or small break sizes. This is because the
| duration for blowdown is short for large break size and,

there fore , in spite of its high heat trans fer rate , the cumulative
.

heat transfer becomes smaller for the large break size. This kind
'

of result was anticipated and the calculation demonstrates that it
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does, in fact, occur. We also find that the total amount of heat
transfer is about the same for 1/4", 1/8" and 1/16" breaks. The
time integration of blowdown enthalpy for all break sizes is
calculated and shown in Fig. 47, 48. From these figures, it is
found that the larger the break size is the faster the blowdown
enthalpy increases. This is true because a large break size leads
to a large blowdown rate. The results show that when blowdown
ended the cumulative blowdown enthalpy is about the same for all
break sizes.

The measured and predicted pool temperature is shown in Fig. 49
and Fig. 50. The following results are observed:

1. The rate of pool temperature increase is larger for larger
break size. This is because of the larger mass and
enthalpy flow rate corresponding to the larger break size.

2. The time at which the pool temperatue stops increasing is
shorter for the larger break size. This can be explained
by the faster depressurization rate corresponding to the
larger break size.

3. The predicted pool temperature is higher than the measured
pool temperature in the early period of blowdown and it is
reversed in the later period of blowdown.

Heat loss may be the reason for overprediction of pool temperature
in the early period of blowdown. Before blowdown is initiated,
the one inch pipe which connects the blowdown valve ^ and the
suppression pool, is cold. When blowdown begins the cold pipe is
heated up by either the hot steam or the hot two phase mixture.
By the time when blowdown ends, the pipe becomes so hot that it
can not be touched. The heating up of the cold pipe provides the
evidence of the heat loss. There are other types of heat losses.
The, heat loss through insulator, the small leakage of steam on the
blowdown section, and the heat loss by radiation are typical
examples of possible heat loss. Because of these heat losses, the
measured pool temperature tends to be somewhat louer than the
predicted value. As we can see, the discrepancy is larger in the
early period as compared to other periods. This discrepancy
occurs for two reasons. First, the heat loss rate is larger when
the pipe is cold in the beginning. Second, the predicted
depressurization rate is larger than the experimental
depressurization rate and there fore the predicted blowdown flow
rate is also larger. When the end of blowdown is approached, the
chugging instablity is observed in the experiment. The chugging
phenomena tends to extract more steam out of the vessel and extend
the period of blowdown. Consequently, the measured pool

| temperature tends to be higher at the end of blowdown.
|

4.4.2.3.2 Initial Pressure of 800 psi

! The calculations of transient pressure and carryover for the three
middle break sizes (3/8",1/4",1/8") are made and compared to the

|
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' experimental data. The pressure response is shown in Fig 51 to
53. .The prediction successfully reproduces the experimental data.
The measured and predicted carryover is shown in Fig 54 to 56.
The agreement between the calculated results and the measured data
is very good for the 1/4" break. The code overpredicts the
carryover for 3/8" break and underpredicts the carryover for the
1/8" break. The reasonable good agreements between the prediction
and the data proves the applicability of code for different
initial conditions.

4.4.3. Test with Rod Bundles

To simulate the typical tube bundle geometry in the U-tube steam
generator, a rod bundle is used. The rod bundle consists of o
copper rods of 0.63 inches in diameter, arranged in such a way
that the pitch to diameter ratio is approximately 1.5. This
geometry is very close to the tube bundles in the W model F steam
generator in which the steam tubes are 0.688 incles in outside
diameter, arranged on a 0.98 inch square pitch. The overall rod
height is 4 feet and the total rod bundle surface area is 89.8
square inches. The rod bundle has three support plates as shown
in Fig. 57.

4.4.3.1 Test Description

The test procedure is the same as empty vessel test except the
vessel is installed with a rod bundle and filled with
approximately 9 liters of water. The amount of water is chosen so
that the initial liquid to empty space ratio is about the same as
that of the empty vessel test. Unlike the empty vessel tests,
which are performed with two initial pressure, only tests with
initial pressure of 1055 pst is conducted. -

4.4.3.2 Computer Code Input Model Description

The input model in this calculation is similiar to that of empty
vessel test except the additional modeling of the rod bundle. The
stored heat in the rod bundle is modeled by the lumped parameter
method which is justified by the high conductivity of the copper
rods. The geometrical ef fect of rod bundle is taken into account
by the reduced flow area.

4.4.3.3 Code Prediction and Comparison with Data

The comparison between the predicted and measured pressures are
presented in Fig 58 to 61. A slight underprediction of pressure
is observed for all the break sizes. The possible reason is
already given in subsection 4.4.2.3.1. In spite of this, the
comparisons are considered to be good. The comparison between the
predicted and measured carryover are illustrated in Figs 62 and
63. After the pool dynamics diminishes, the carryover response is
reasonably well predicted.

The comparison between the predicted mixture level and the
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measured dryout front are shown in Fig 64 to 67. Large
discrepancies exist between the predicted mixture level and the
measured dryout' front. The high dryout front indicates that a
large wet area is sustained between the mixture level and.the
dryout front. By comparing the pressure-time curve to the dryout

~

front-time curve, it is found that the dryout occurs when the
blowdown is almost over. By then the mixture water level is
already very small. Therefore, the amount of heat transfer will
be greatly underestimated if the mixture level is used to
calculate the ef fective heat trans fer area.

The calculated superficial vapor and liquid velocities are shown
in Fig 68 through 75. As it is shown in the empty vessel test,
the countercurrent flow characterizes the whole transient. The
calculated break flow rate is shown in Fig. 76 to 79. The time
integrated heat transfer,from both vessel wall and rod bundles,
are shown in Fig. 80. The results show that the 1/2" break has
the largest integrated heat transfer while the 1/4" break has the
lowest .intergrated heat transfer. The results really depend on
the heat transfer rate and the duration of effective heat
transfer. The integrated heat transfer is the area below the heat
transfer rate curve sho~wn in Fig 81. As is anticipated the heat
transfer rate is larger and the duration for the' heat transfer is
smaller for larger break sizes. If the e f fect of heat transfer-

rate outweighs the effect of time duration, the larger the break
size the larger the integrated heat transfer and vice versa.
Without performing the transient calculation, it is rather
difficult to tell which factor will govern. The predicted and
measured pool temperature are illustrated in Fig 82 and 83.
Reasonable agreement has been obtained. The trend is the same as

-

that for empty vessel test.

The drift flux model constants.C , V for the transient are shown0is shown thN the value of Co is roughlyin Figs. 84 to 91. It
1.18 for the churn turbulent flow regime. As the transition from
the churn-turbulent flow regime to annular flow regime occurs, the
value of C0 drops quickly. The weighted mean drift velocity first
increases due to pressure drop, bounded by the slug flow
correlation, and then decreases when annular flow regime is
predicted.

Figures 92 through 95 show the void fraction distribution for
various sizes of breaks. The void fraction of the lower control
volume, being zero initially, first increases and then decreases
as it is shown for control volume 2 in Figs. 94 and 95 The
increase of void. fraction is because of the flashing resulted from
the depressurization while the decrease of void fraction is due to
the fall back of liquid resulted from the gravity force outweight
the vapor drag force. The void fraction of the middle control
volume increases monotonically partly due to the flash and partly |

due to the large vapor drag force. The void fraction of the upper
control volume, being 1.0 initially, first decreases and then
increases. The decrease of void ' fraction is the result of pool
swelling, and the increase of void fraction is the result of
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carryover.

The time step size is shown in Fig. 96 to 99. In the early
blowdown period, when the transient is more severe, the time step
size is smaller while later in the blowdown period, when the
blowdown is less severe, the time step size reaches the maximum
value. Therfore, a best time step size is indeed automatically
selected by the code.

The trajectory of liquid phase or radioactive material which is
located at five different elevations at the time the steam line
breaks, has been obtained and shown in Fig. 100 to 103. It is
found that if radioactive material is initially located below
certain elevation, it will be carried up to certain height and
then falls back and never leaves the vessel. On the other hand if
the initial location is high, i.e. the steam tube rupture occurs
at high elevation, the radioactive material will be brought out of
the vessel. The results also show that the critical elevation is
lower for the larger break size just as it is anticipated. It is
concluded that the location of rupture as well as the break size
are important to the leakage of radioactive material. As we
notice that, this calculation is equivalent to a calculation of
steam tube rupture which occurs at the same time that. steam line
breaks with no flow from the primary side to the secondary side.
The restriction on time and flow can be relaxed. If the steam
tube rupture occurs with a time delay, it is interesting to see
that Figs. 100 to 103 can still be applied. A shift of the curves
to right by the amount of time delay is all that is needed. To
take into account the flow from the primary side to the secondary

simply adds a junction and a boundary condition andside, one
repeats the whole calculation.

,

,
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5. LIQUID HOLD UP EXPERIMENT

When the flow goes through the tube support plate in a. steam
generator, a much higher velocity is obtained because the flow
area is greatly reduced by the tube support plates. As a result,flooding occurs easily once countercurrent flow is established.
When the flooding occurs, there is a maximum amount of liquid
which is allowed to penetrate down through the tube support plate
for a given upward vapor flow rate. The upper limitation of
downward liquid flow rate may result in excess liquid above the
tube support plate and de ficient liquid below the tube support
plate. The excess liquid accumulated above the tube support plate
results in the liquid hold up. When there are more than oneplate, it is important to find out whether the liquid hold up
phenomena will occur above each plate and establishes a
multi-liquid-levels. If the multi-level hold up occurs the
effective heat transfer area is going to increase a lot and the
heat transfer from the primary side will increase proportionally.
Therefore, it is of interest to find out:

1. Will the multi-level phenomena actually occur?
2. If it does occur, under what conditions will this phenomena

occur?
3. What does it look like?
4. Does the phenomena change as the geometry of the tube

support plate changes?
5. When the vapor velocity increases, how does the liquid

drain?
'

|

| To answer these questions, an air-water apparatus is set up to run
experiments at atmosphere pressure.

5.1 Facility Description

| The test section for the multi-level test is a pipe, 4 inches in
| diameter and 4 ft in height. The pipe is made of plexiglass sothat visual observation is possible. A schematic diagram of the
| test section is shown in Fig. 104. The air enters the test
! section from the bottom while the water enters from the top so
! that a counter current flow can be established. A drain line is'

provided at the bottom to remove the excess water. To prevent theair from le'aking to the drain line, the air is injected at a
I position 6.3 inches higher than the drain hole so that a pool of
! water be formed above the drain hole. The water is injected into

the test section through a bowl shape hemisphere so that the
splashing of. water is minimized. Three plates of the same type
are installed in the vessel to simulate the tube support plates.
Monometers are provided to' measure the collapsed liquid level
above each plate (see Fig. 104). To study the effect of hole
size, four dif fe rent types of plates are used. Type A plate
consists of ten 0.5 inch diameter holes, type B plate consists of
.six 0.5 inch diameter holes and two 1.0 inch diameter holes, type
C plate consists of one 0.5 inch diameter hole and one 1.5 inch
diameter hole, and type D plate consists of seven 0.5 inch holes
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and a cut at the edge of the plate. The cross sections of thesefour types of plates are illustrated in Fig. 105. Among them,
plate A,C and D have the same flow areawhile plate B has a larger
flow area.

.

5.2 Experimental Procedures and Results

Three kinds of experiments were performed. To distinguish these
experiments, we use three letters F, W, T to represent the
experiments with Fixed water inventory, the experiment with Water
injection from toli, and the experiment which is under Transient.
We also use four letters A, B, C, D to differential the plates

-

being used so that the test numbers appear to be F-A, F-B, , etc.

5.2.1 Experiment with Fixed Water Inventory (F Series-

Experiments)

The purpose of this experiment is to show the effect of tube
support plate geometry to the water inventory distribution.
Initially, the test section is filled with certain amount of
water. After the desired water level is reached the water line
is shut off and the air line is opened to initiate the
experiment. The experimental results depend lary,ely on the
initial amount of water. If the initial water inventory is
large, the final mixture water level will also be high. As long
as the mixture water level is high enough, the multi-level hold
up phenomena can always he observed. There fore , the observation
of multi-level phenomena should not be regarded as the result of
flooding. However, it is of interest to compare the results from
three different types of plates. For a initial water level of
13.2 inch and gas flow rate. of 10.4 CFM, the result from plate A,
B, and D (test run F-A1, F-B1,F-D1) can be described as follows:

(a) After the air flow enters ; the water level rises to the
bottom plate and water begins to accumulate above the
bottom plate.

(b) As the water level accumulates high enough to reach the
middle plate, the water begins to accumulate above the
middle plate.

(c) As the water level accumulate high enough to reach the top
plate, no apparent liquid hold up is observed above top
plate and a kind steady state is reached. The pictures
for this state are shown in Fig. 106,107,109.

With the same initial water inventory and same air flow rate , the
result from plate C (run number F-C1) is quite different . The
developing process is the same as test run F-A1, F-B1, and F-D1
until step (b). After the water level reaches the top plate, it

istarts to accumulate above the top plate. As this happens, the
|water already accumulated above bottom and middle plate '

significantly decreases and when a steady state is achieved, most
of the water seems to stay above the top plate with only a tiny ,

'

amount of water staying above the bottom or middle plate. This is
shown in Fig. 108.
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To explain the difference between these four runs, we believe that
flooding occurs at the top plate of run F-C1 but not in run F-A1,
F-B1 or F-D1. In other words, the flooding occurs more easily at
the type C plate. This argument is supported by the following
W-series run result, in which W-C test has the lowest flooding gas
velocity.

5.2.2 Countercurrent Flow Experiment (W-Serial Tests)

The purpose of this experiment is to study the effect of the plate
geometry on the onset of flooding. In running the experiment, a
constant air and water flow rate is supplied to the test section
from bottom and top of the test section respectively. The flow in
the drain line is c'ontrolled by a valve on the drain line so that
the pool water level is always lower than the location where air
is injected and higher than the drain hole.

Observation of the experiment shows that the onset of flooding
(defined by the continuous water accumulation above a plate) can
occur at the bottom plate or the top plate. If the flooding first
occurs at the top plate, no water level accumulation is observed
above the bottom or the middle plate. If the flooding first
occurs at .the bottom plate, the same phenomena in test run F-C1
(fixed water inventory with plate C) is observed. Water
accumulates from bottom,through the developing process, and a
final top flooding phenomena is maintained. This phenomena are
observed for almost all the tests (shown in Fig 110 through 113)
exce one particular observation. For a liquid flow rate of 0.6
gpm(ptsuperficial velocity of 0.1 ft/sec) and a gas flow rate of
55.64 gpm (superficial velocity of 9.1 ft/sec), a steady liquid
hold up above the bottom plate is observed as it is shown in Fig.
114. A slighly increase of gas velocity .then leads to the top
plate flooding as it is shown in Fig. 115. Although this
exception provides the evidence that a steady liquid' hold up above
the bottom plate can occur, all the other observations show a
strong tendency of liquid hold up above the top plate. There fore ,
we believe that should liquid hold up phenomena occur, it is most
likely to occur above the top plate. This can be explained by the
pressure drop along the flow path. Because of the pressure drop,
the pressure faced by the bottom plate is higher than that by the
top plate. For a given liquid flow rate, the required gas
velocity for flooding varies with gas density:

(j ) a ( 8)-
5 (5.1)

with other parameters not very sensitive to the pressure. For a
steady state flow, the mass conservation requires

(o j A ) = Constant (5.2)
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(j } " (#g)-I (5.3)
g

Therefore,

1 a (p ) 0.5 (5.4)
-

(d )
g flooding

At the top plate, the pressure is lower, the gas density is
smaller, and, there fore , the potential for flooding ,i.e.
(j /(j fl is larger. This also implies that the drain
caha)bilf)ty SodinEallers s for a plate at a. higher location. For a
given intermediate plate, the amount of drain from the next higher
plate la less than the amount of drain from the plate in question.
With less input and more output, it is not very likely for water
to accumulate above an intermediate plate.

A flooding curve for three types of plates are presegef on Fig.
116. On the same figure, the Wallis flooding criteria

3 + "d -c (5.5)8 t

* A i
Ewhere j -j ( gD(Ap))g g

p I* t
-

d "di ( go(ao))t

with m=1. 0, c=0.775 for 1/2",1",and 3/2" tubes are compared. It
is found that a sizable geometry effect exists for different hole
size distributions. If the geometry e f fect is governed by the
large size hole, then for a given liquid flow rate the~ flooding
gas velocity for plate C (which has 3/2" hole on it) should be
higher than that for plate A (only 1/2" hole on it). The
experimental results dc not show this kind of trend. There fore ,
we conclude that the flooding phenomena is not governed by the
large size hole.

5.2.3 Transient Experiment (T-serial Tests)

The purpose of this experiment is to simulate the conditions
occuring in the steam generator blowdown.- In the later period of
steam generator blowdown, the vapor flow rate decreases with time

.because the break flow rate decreases with time.

To simulate this transient condition, a flooding above the top
plate is established either by a F-type experiment followed by an
opening of the drain line or by a W-type experiment. The vapor
flow rate is then gradually decreased. The experimental results
show that it takes a long time to drain out the water above the -
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top plate while most of the time there is no accumulation of water
above the middle or bottom plate during the transient.
Occasionally, there is a small accumulation of water above the
middle plate but it drains out very quickly (within a few
seconds).

5.3 CONCLUSION

From the description of the above experimental observations, we
find out that one plate (top plate) flooding phenomena is more
likely to occur than multi-level phenomena. This has been
explained by the effect of pressure drop in subsection 5.2.2. For
a steam generator blowdown, the tendency of top plate flooding is
further enhanced by the heat transfer from the hot surface and the
flashing. The steam velocity increases with the elevation due to
the generation of' steam from the heat trans fer , the flashing, and
due to the expansion resulting from the pressure dropping.
Consequently, we would only expect to find a pool of liquid in the
bottom of the steam generator or on top of the tube bundle,
provided that flooding occurs. This expect g n is indeed

The dryoutconfirmed by the blowdown experiment done by Dane .

front in Fig. 122 shows a discontinuity across the top support
plate while no discontinuity is observed across the intermediate
support plate.

:
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6. SUMMARY AND RECOMMENDATIONS

6.1 Summary

A computer program, called SIT-SG, has been developed to predict
the heat transfer on the secondary side of a steam generator, the
pressure, the carryover, the mixture water level, the flow rate
distribution, and the void fraction distribution during the steam
generator blowdown. This computer program is developed for best
estimate predictions with a fast running capability.

Flow regime dependent drift flow model constants are used to take
into account the difference between the liquid velocity and the
vapor velocity. The correlations used for the various flow
regimes are connected with a smoothing scheme. As far as the
mixture level is concerned, the drift flux constants in the
churn-turbulent flow regime is most important. The following
drift flux constants in the churn-turbulent flow regime are
recommended. The flow and void fraction distribution parameter co
is selected from Ishii's correlation and its value as function of
pressure and void fraction is shown in Fig.117. The weighted mean
drift velocity being selected is originated from the equation
proposed by Zuber with the coefficient given by Bertodanoi. This
correlation is used in conjunction with the upper liminations
provide by the slug flow regime correlation and a constant value
of 3 ft/sec, which is the maximum drift velocity having been
observed. The weighted mean drift velocity so obtained is plotted
,in terms of pressure and vessel diameter, in Fig.118. The
recommended drift flux constants for the other flow regimes
include: (i) V and C fr m Wallis correlation for bubbly flow

g3 0
regime (ii) V and C fr m Ishii correlation for annular flow0
regime. For Nbbly flow regime, the recommended C is 1.0 while0
the V is shown in Fig. 119. For annular flow regime, the
recomMdedC is shown in Fig. 120 and the V , with D=0.34 ft,D gj
is shown in Fig. 121.

A simple slip equilibrium critical flow model proposed by Fauske
is selected for the calculation of two phase cirtical flow rate.
This model is shown to be good for the venturi nozzle as well as
for the blowdown pipe with L/D equals 20.

The water level propagation models and the water level
reappearance criteria are shown to exhibit a reasonable mixture
level behavior.

6.2 Recommendations

Several areas require further investigation are described as the
followings':

In SIT-SG, the effect o f the separator to the blowdown is.

ignored. During a steam line break or a combined steam line
break plus tube rupture, the behavior of the separator is
unknown at present. It is expected that as the flashing
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occurs, the water level swells and the flow direction in the
drain line of the separator may reverse. The exact conditions
which lead to flow reversal in the drain line have not been
delineated. It'is also expected that the separator may have
large effects on the amount of radioactive material released
in the combined steam line break plus tube rupture.
Therefore, a study of the performance of separator during
blowdown is recommended.

The calculation results show that large discrepancies exist.

between the calculated mixture level and the measured dryout
front. It is suspected that the large discrepancy is a result
of the low heat flux on the rod bundle surface. In a real
steam generator, the difference may be smaller due to the
higher surface heat flux in which a little bit of spray won't
be able to keep the tube wet. It is recommended to study the
effect of heat flux on the discrepancies between the predicted
mixture level and the measured dryout front.

From our liquid hold up experiment, it is concluded that the.

potential for liquid hold up is greatest for the top tube
support plate. Consequently, we would expect to find two
mixture water levels, one in the bottom of the steam generator
and one above the top tube support plate (provided that
flooding occurs). To prove this conclusion in the steam
generator blowdown experiment futher investigations are
recommended.

..

65
1



7. CONCLUSIONS

From the computer code calculations, the key parameters in the
transient can be identified and a better understanding of the
transient process has been obtained. With respect to the
transient process and the computer code modeling, the following
conclusions can be drawn.

'For the blowdown process in steam line break, there are.

three periods can~ be identified: (i) pool swelling period
(ii) water level disappearance period (iii) water level
reappearance period. Because the characteristic behavior
is different for each period, computer modeling should be
able to distinguish .these periods and simulate them
appropriately.

As far as the break flow is concerned, the critical flow.

model is the only model which is important for determining
the amount of outgoing flow in the pool swelling period and
the water level reappearance period. The drift flux model
is as important as the critical flow model in the water
level disappearance period.

The heat transfer during the transient is very important to.

the transient response in steam generator secondary side.
For the heat transfer calculation, it is very important to
know whether the tube is dry or wet. If the tube is wet,
the heat transfer is excellent. The secondary side heat
transfer coefficient for the wet surface itself is,however,
not important because the wall conduction, the primary heat
transfer coefficient and the fouling factor are the real
limits.

. The pool entrainment phenomena has a small effect on both
the total amount of outgoing fluid and the transient water
level response.

In general, the thermal hydraulic properties in a control.

volume can be considered as homogeneous. However, special
attention should be focused on the modeling of the node
which contains the sharp water-vapor interface.
Interpretation of node average quantities can be misleading
under many circumstances. For example, using the node
average void fraction to determine flow regime can result'
in significant error. In addition to void fraction, the
knowledge of flow developing history and velocity level are
also important for determining the flow regime in a control
volume.

. During the transient, the flow regime in the bottom control
volume is bubbly flow initially. It changes into
churn-turbulent flow regime after a very short period and
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stays on churn-turbulent flow regime thereafter. The
| period for.which the bubbly flow regime prevails is so
'

short that the modeling of bubbly flow regime can be
ignored. This conclusion is drawn from the calculations
for our experiment. This experiment is equivalent to a
break without feedwater. When this is applied to a real
steam generator, the flow rate and the temperature of both
the feedwater and auxiliary feedwater will have some effect
on this conclusion due to the additional overcooling.
These~ effects are, however, not expected to be very large
because the feedwater has high temperature and the
auxiliary feedwater - has low flow rate. For the control
volumes above the initial water level, the flow regime
changes from the annular or liquid dispersed flow regime to
churn-turbulent flow regime and back to annular or liquid
dispersed flow regime. Because the flow regime in a fixed
space is changing as the transient proceeds, we do not
recommend a fixed drift flux constant for a certain given
space. Instead, we recommend a set of correlations which
can be used to calculate the drift flux constants for
different flow regimes.

.

SIT-SG has been used to. perform the pressure and the mixture
level calculation for the Battelle-Frankfurt blowdown experiment ,
the G.E. small vessel, and the G.E. large vessel blowdown test.
SIT-SG has also been used to predict the pressure, the water
level, the carryover, the pool temperature, and the heat transfer
from the hot wall for the M.I.T. steam generator simulator. The
comparisons between the code prediction and the experimental data
give rise to the following conclusions:

. Good agreement is observed be' tween the code prediction and
experimental data for the pressure, the-total amount of
outgoing fluid and the suppression pool temperature
response. These results justify our assumption in the
code:(i)The pressure distribution is not important' inside
the secondary vessel and no momentum equation is required
(ii)The behavior of the ' fluid in the vessel is basically one
dimensional and one dimensional equation is capable of
describing the system response (iii) Drift flux model is an
adequent model for predicting the two-pase flow under
blowdown conditions (iv) Thermal equilibrium exists between
vapor and liquid phases.

Good agreement has been achieved by comparing the predicted.

pressure response with the experimental data measured in GE
large vessel blowdown test, M.I.T. empty vessel test and,

M.I.T. tests with internals. The original Henry-Fauske
model is for a sharp-edged entrance. The break in the GE
large vessel test is simulated by the venturi nozzles and
the break geometry in M.I.T. experiment has a rounded
entrance with L/D ratio equal to 20.0. This implies that
the Henry-Fauskes critical flow model can be applied to a

,

wide range of operating conditions when an L/D=20 nozzle or '
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a venturi nozzle is chosen. Short L/D nozzles were'nt
tested.

Various drift flux models has been studied and a large.

discrepancy has been found for current available drift flux
model constants. These discrepancies have a large effect on
the water level prediction. ~The best drift flux model
constants for this problem have been selected and M . n in
Chapter 6.

The measured dryout front is much' higher than the predicted.

mixture water level. Consequently, the calculated effective
heat transfer area is much smaller than the measured
effective heat transfer area. The heat transfer rate from
steam generator primary side to secondary side and the
duration of effective heat transfer will be underpredicted
if the dryout front is regared as the mixture level.
However, it should be pointed out that in our experiment,
the heat flux is quite . low which leads. to a reduced
evaporation rate of liquid film and consequently results in
a larger difference between .dryout front and mixture level.
Further study on the relation between dryout front and
mixture level. as function of entrainment rate, deposition
rate, evaporation rate is recommended.

Our model is developed under the assumption of thermal.

equilibrium. This assumption is quite good for our empty
vessel experiment which shows that the vapor temperature
stays at the saturated temperature throughout the whole
blowdown. For the experiment installed ' with rod bundle,
superheat of vapor temperature is observed. Although the
assumption isn't consistent with the real vapor state, the
pressure 'and the carryover show the same degree'of agreement
as the~ empty vessel experiment. This suggests the effect of
vapor superheat ,is insignificant on the pressure and the
total amount of outgoing fluid.

From the liquid hold up experiment, we find that flooding.

can occur at the tube support plates,-where the flow area is
minimum. The potential for the liquid hold up due to
flooding is largest for the top tube support plate. When
this is applied to the blowdown in the steam generator
secondary side, we would expect to find two mixture level,
one'in the bottom of the steam generator and one above the
top tube support plate, provided that flooding occurs.

t
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TABLE 1
1

i
CRITERIA FOR FLOW REGIME DETERMINATION

[aBubbly Flow jg > 2.34 - 1.07 and a < 0.1
p g .

Churn-turbulent |j|<( ( C. - 0.1) and a < 0.8
+

y
8

Annular |j | > ( ) *( - 0.1) or a > 0.8
8

TABLE 2

DRIFT FLUX MODEL CONSTANT V . USED IN FIGURE 3 AND 4
93

Key Name of Model Expression of V- ___sL__ Applicable Regime
_ _ - - - - - - --- =______________________ _ _____________

2 Wallis Model Equation (2.7) Bubbly Flow

3 Ishii Model Equatio~n (2.10)* Churn-Turbulent
.

4 Zuber Model Equation (2.10) Churn-Turbulent

b
5 Zuber Model Equation (2.12) Churn-Turbulent

6 Ishii 'Model Equation (2.21) Annular Flow

7 Ishii Model Equation (2.23) Liquid Dispersed

8 Wilson Model Equation (2.18) Lower Void Fraction
Equation (2.19) higher Void Fraction

9 Equation (2.20) Slug Flow

10 Wallis Model Equation (2.32) Annular Flow

a: The coefficient in Eq.(2.lO)-is replaeed by 1.414
b: The coefficient is given by Bertodanoi
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TABLE 3 ~

.

EFFECT OF POOL ENTRAINMENT MODEL
i ON TiiE CRITICAL FLOW RATE

A B
G ' - G 'x 100%e- c

Ash biticalflow GCritical flow rate c
I

,( W ft sec)
2 " ^

Gc (lbtVft -sec) E rate,

|G 2fg c
I

y 0.09 3 1939.5 5.0%
I; 1000 1834.09
I

0.05 | 1894.6 3.3%

i
4 0.30 | 926.2 21.0%

400 762.49
|

|0.10 815.8 7.0%,

i

i
!

,

- - - - - - _ _ _ _ _ _ _ _ _ _ _ _
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The concern over Pressurized Thermal jihock (PTS), along with many other. concerns,
indicates the need for accurate knowledge of the steam generator behavior during the
blowdown of the steam generator secdndary side.\To fulfill this need a computer
program, SIT-SG (Simulator of Tragsient in Steam Generator) is developed. This is a
one-dimensional best-estimate code with the' assumiititon that the vapor and liquid phases
are in thermal equilibrium but n6t homogeneous. The' drift flux model is used to describe
the relationship between the vpp'or and the liquid phase _ velocity. No momentum equation
is required for SIT-SG because the detailed pressure distribution in the vessel is not
important for the blowdown pr'ocess. Based on the comparisons between the code predictions
,and the data obtained from ,the experiments conducted in Battelle-Frankfurt and GE, the-
best drift flux model constants for various flow regimes are selected. SIT-SG has been

used to predict the carrydver, fall back, and heat transfer for,d;that the measured dryout
the MIT steam generator

blowdown experiments. Tie results are encouraging. It is foun
front is much higher tha)n the calculated mixture level. If the effective heat transfer
area is determined frosi the mixture level, the primary-to-secondar'ys heat transfer will be
substantiallyunderpr/dicted. From.the result of the liquid hold up study we wouldg
expect to find two n}fxture levels, one in the bottom of the steam generator and one

above the top tube support plate, provided that flooding occurs at alli.,%
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