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ABSTRACT

The concern over Pressurized Thermal Shock(PTS),along with
many other concerns, indicates the need for accurate knowledge of
the steam generator 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 drift 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 expact 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 drift 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 drift flux model constants. These discrepancies have a
large effect on the water level prediction.

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 c, is selected from Ishii's correlation and its value as
function oé)preseure and void fraction is shown in Fig.117. The
weighted mean drift velocity being selected is originated from the
equation proposed by 2Zuber 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.1l18. The recommended drift flux constants for the other flow
regimes include: (i) V__. and CO from Wallis correlation for bubbly
flow regime (ii) Vv gJnd C, from Ishii correlation for annular
flow regime. For ﬁubbly £1%w regime, the recommended C,. is 1.0
while the V is shown in Fig. 119. For annular flow reé&me, the
recommendedgé is shown in Fig. 120 and the V » with D=0.34 ft,
is shown in 919. 121. The correlations J¥Ld 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 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. 1In 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
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 f'ow rate and the temperature of both
the feedwater and aur .l ary 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-curbulent 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 between 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 ligquid phases.

. The slip equilibrium critical flow model proposed by Fauske
is selected for the calculation of two phase cirtical flow
rate. 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'n*
tested.

. 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 gocd 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.

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
Sseparator may have large effects on the amount of
radicactive 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.




1. INTRODUCTION

1.1 General Need For a Better Steam Generator Modeling

The steam generator is the major 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. 1In 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 cf events, there are
very complex effects resulting from the interaction of the
distorted system operationns. 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




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
model 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 censtant primary
to secondary heat transfer at its initial value until the steam
generator 1is completely empty. These assumptions are not
realietic 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 1liquid depletion in the affected steanm
generator, and predicts ear&ffgs 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 1007 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 RELAPS5, 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




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 transfer and fluid
mechanics in both the primary system and the intact secondary
system. Figure 1 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
effects that requires 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. Therefore,
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 »~f 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.




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 mtéyly addressed
to the old pressurized water reactors (PWRs) . Neutron
irradiation of reactor wvessel 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. 1If 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(l's) 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 Fngineering
Laboratory(INEL) and Los Alamos National Laboratory(LANL) (3)
Calculations of probabilistic fracture mechanics by ORNL (4)
Integration of results by ORNL. 1In 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 effect 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




removal rate in the primary system. The heat in the primary
system can be removed by both the normal and affected steam
generators. Therefore, there are three mutual interacting
systems--the primary system, the secondary side of intact steam
generator, and the secondary side of the broken steam 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(q) 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. 1If 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 removel rate from the affected steam
generz:or. 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
in the primary coolant, which can be carried out of the break,
depends on the carryover and fall back of the mixed coolant.



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 bette: 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.
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2. ANALYTICAL SYSTEM MODFLS

One-dimensional treatment of the conservation equations 1is
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 1is divided 1into control volumes and the conservation
e%uations 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 1is 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

d(ap + (l=a)p,)
v L
at

- V-(uovvv + (1-0)02V13 =0 {2.1)
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Mixture Energy Equation

a(aovev + (1-0)9222)
ot

. v - v (2.2
+ v (apvevvv + (1 a)oiel\l) )

= -pV-(a\'v + (1-0)\'2) ¥ vi + QUl

2.1.2 Flow Regime and Flow Regime Transition Criteria

The commonly observed two-phase flow regimes(lo) 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
annular 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 flow regime
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. 1In 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. 1In 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.

Because 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 ?ifysition of flow
regimes. According to Radovecich and Moissis the chance of
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bubble collision due to random motion is low when the void
fraction is below 0.1.(lfyr this reason, the combination of Taitel
and Dukler's equation and a void fraction of 0.1 is used to
determine the transition from bubbly(f}?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. 1In the
Ishii's model there is another criteria for transition between the
annular flow regime and the 1liquid 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
|
(jv)2-3 - 'jv ‘ (jv)

- (2.3)

In the equation (2.3)

5

(34)5.3 = (8018070 )°*> (1/C,=0.1) (2.4)

v

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

- 0.25 . =0.2
(3y)3.34 (cg(Ao)/og) N ¢ (2.5)

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

suf - uf/(o8 c Yo/ghp )0'5

For our 4" diameter vessel with the initial pressure of 1000 psi
the (jv)z_3 and (jv)3-3a values can be calculated as

(jv)2-3 "2 ft/sec , (jv)3_3a 8 ft/sec

respectively. When this is compared with formula (2.3), a
contradiction is observed because the (j ), ., is greater than
(§,)a_2.+ For this reason there is no a!:Zch to distinguish
anXu?a?aflow 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 individwﬁ%)phase can be
related by the drift flux model proposed by Zuber .

13



4> = <> (G, <>+ V)

gl

= total superficial velocity = jv + jl

= superficial vapor velocity
= void fraction
distribution parameter = <aj>/<a><j>

weighted mean drift velocity = <a(Vv-j)>/<a>

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 and
flow distribution in a “cross section. For C, greater than one
there is more vapor in the center of a cross éLction than at the
periphery. This happens most of the time in a two phase flow.
For C, smaller than one, there is more vapor at the periphery of
the sgecific cross section. This may be observed when subcooled
boiling takes place. The weighted mean drift velocity reflects
the effect 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
have been é%oposedgj

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

- 9 0.,2%
V., = 1.53 (1-a)° (2826) (2.7)
g P

6. % 1.4 (2.8)

For churn-turbulent flow, CO is calculated from Ishii's mode1(13)

. ~-18
Co = (1.20-0.2 (og/pf)o 5) (1-e %) (2.9

while the weighted mean drift velocity are adopted from various
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sources. The value recommended by Zuber(la) is

b

. 2.0.2
e 1.53(og(Ao)/of‘)0' (2.10)

8]

The same form is recommended by Ish11(13), except the constant is
1.414 instead of 1.53. Anotpﬁs form of weighted mean drift
velocity 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 pr@gsure dependence,
he proposes a model of the form:

0.25

V.. =A (og(lp)/p ) (2.11)
P g

C
Due to the lack of the information about the entrance effect, such
as the mode of vagor 1nject§?g) no single value of A_ is given in
Zuber's report. ertodanoi suggests that the vaPue of A_ can
be chosen as 0.33. Therefore, ng can be expressed as: P

0.25

V., =0, o)/p 2)°° 2.12
” 0 33(cg(ip)/08 ) (2.12)

The V_. obtained from equations (2.10) and (2.12) are essentially
ident &dal at 1000 psi while equation (2.12) predicff7§igher value
of V at lower pressure. The work done by Wilson is also of
intefbst. 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 VB is given as:

] o= / Bk
‘B i,/ ( )

Recalling the drift flux model

jv/a » CQJ + \7

8]

we can relate V_ to V as
B gl

V.= C.j + V (2.14)
il BT

For stationary water column, j = jv - ¥y o Therefore Eq(2.14)
can be rewritten as

V ., = (1=Coa)V (2.15)
gJ B

In this way, the original Wilson correlation
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B 1.78
a = 0.136 oy ( gy} » 1f a/ay S 2.84 (2.16)
G5y )
f g
Vs 0.78
a = 0.75 a . ( - 5505 ) Af a/ay 2 2.84 (2.17)
Gy )
f g
where - 0.5,0.19
. g 0.32 (1 el .5,0.
Sp (o-p ) (D(g(o-o)) )
£ f'g
can be converted into
7V =
gl
Q=P
oty 4 0u75 y1-283 fg ,0.41 ( gD )o.zass (—E2 ,0.25
g D =p :
£
if a/a; 5 2.84 (2.18)
¥ e
g]
D=0
(1-aC,) (= T36 }0.562 Pt pg ,0.1798 ( gD ]0.1067 (—BS_,0.25
g (—B_ )0.5 pf-pg
Df"D
g
1f a/a; 2 2.84 (2.19)

When the pressure is very low, unreasonably high V j'a are

obtained from equation (2.12) aQqOShe Wilson correlation®’) Hence,
the ng for the slug flow regime
ng = 0.35 (gD2 /oy )08 (2.20

is used to provide an upper bound limitation. Although a siug
- 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 j for developing slug flow can
be used. The V for a developinf slug flow is slightly higher
than that for a8$1ug flow. For simplicity, a simple slug flow
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,
the bubbles exigjbefore 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 avaikﬁhse
experimental data, the maximum V found anywhere is 3 ft/sec .
Therefore, this value is chosga 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 effects 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
three: (1) V forgériginal churn-turbulent flow correlations (2§
for theg%lug flow correlation (3) a constant value of 3

T B

For annular flow regime Ishi''s model (13) ig used.

0 &

Co = 1 + (1-=a)/(a + 4 (;g/: JY¥e) (

ro
L]
—
~—

f

N
S
o
.
ro
o
o]
~

vV ., = (C,=1) (29 gD (1-a)/(0.015 ¢

gl f

For liquid dispersed flow regime, again the Ishii's mode1(13) is
used
CO = ] 4 (1-5)/(0 + 4 (pg/of)O.S) (2.21)

v = 1.414 (1-a) ( og Lolo 2)0+25 (2.23
g] g

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
psi, the diameter is 0.34 ft, and Cq is 1.0 in the Wilson
correlation. Same assumption is applied to Fig 4 except the
pressure changes into 300 psi. In addition to the above mentioned
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models, the VQL derived from modified Wallis correlation(lo) is

also included these figures.

In annular flow regime, the modified Wallis correlation is:

b By Ig*
=3.1(1-a) ~ 3.1 (o) = ! (2.24)
From the definition of jg*. jf*
R Pg | 0.5 (2.25)
& g | gocc")
* = ’ 0.5
o o] (2.26)
gDt p
Equation(2.24) can be rewritten as:
-1.-__3_..1 (1-a) o, 1/21 . gD &p 2
ST ey ) g+ [0-31 a-e) (""22;"') (2.27)
Comparing equation (2.27) to the drift flux model equation
aC
Jg "[ac 3 + 22— §
8§ lmag, X Iac, gy (2.28)
one finds
(o 1/2 a C
A= 3.1(1-a) (_i) B - el
3.1(1=-a) p_ "/ l-a C (2.29)
B o
; D Ap l/2 a =
(1- 3.1 (1-a)) (B=2E) "= _2
Py 1-a C g (2.30)

Eqs.(2.31),(2.32) are

Solving Eqs.(2.29),(2.30) for CO and V i
obtained g’c "
c .
[1-3.1 (l~n4 (-55) (2.31)
cC = welling
; a[(LE) 7 -3 aee (Pgy P
£ - 3. -a) (_f -1
|(-£) (=£) ) |
¥ 5
§ - {=3.10=0)"  gdlo (Ve 1,1(1-a)
2] a o/ 0.5 g
g (1=3.1(1=a)) (of/og\ + 3, 1(l-a) (2.32)
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From Fig 3 and 4 some interesting points are observed:

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

Eq.(2.12) show that V_, has large degendenence upon
pressure. The other §$dels do not show this kind of

dependence.

2. The value of V_. given by models 3 and 4 are quite close.
The differencegln the coefficient of 1.53 or 1.414 is
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 Cy and V
is not provided, an uadesired instability in the solution mi;
occgr. For this reason, the following smoothing techniques are
used.

For the transition from churn-turbulent flow regime to annular
flow regime or liquid dispersed flow regime, C, is given as:

0.5 -
Co= 1.2 - 0.2(08/Df) if a S ar,3 (2.33)

0.5 (2.34)
Co =1+ (l-a)/(a + b(og/of) ) 1f e 2 @y,

.
where a,_; = 1.-0.8 ((fgf?fq - (9B!of

PP
1% 0.2 (Og/pf)

))

82,3 is the void fraction which makes the CO value calculated from
Eq.(2.33) and Eq.(2.34) the same. For pressure decreases from
1800 psi to 14.7 psi, the az,3 value decreases from 0.75 to 0.82
which appears tc 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
value is to choose the minimum V value predicted from tﬁé
churn-turbulent flow regime and m either the annular flow
regime or the liquid dispersed flow regime, depending on the
option used.
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For the transition from bubbly flow regime to churn-turbulent flow
regime, similiar smoothing techniques can be applied:

Ce = 1.0 if a < 01’2 (2.35)

Co = (1.2 - 0.2 (pg/pf)o's) (1-¢"18%) 1 o > oy, (2.36)

where
0.2(1=(p /pf)°-5)

)
0.5
1.2 = 0.2
0 (og/pf)

e

For pressure changes from 1000 psi to 14.7 psi, a; , varies from
0.111 to 0.101. This is a reasonable value for transition from
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 b&gbly flow regime will change the slope of V § in
Fiq 3 and 4 from downward sloping to upward sloping. 8.

2.1.4 Break Flow Model

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

model is used.
2.1.4.1 Critical Flow Model

For a given constant upstream pressure p the reduction of the back
pre.jure leads to an increase in the flow rate. When the back
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.
Except for the period which is close to the end of blowdown, there
is a large pressure difference between the pressure 1nsid?1§§e
steam generator and the back pressure. According to Fauske R
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 subcritical 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 subcritical flow model described in section 2.1.4.2.

The two phase critical flow rate is one of the most important
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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. 1In
the slip equilibrium model, the two phases are considered to have
different ve%a&%ties while they aYQI}n thermal equilibriQQz) The
Fauske model , the Moody model and the Levy model are
examples of the slip equilibrium model. 1In 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
lengtlezj:’: diamete&qsatio has been shown to (tﬁ‘)very important by
Henry , Fauske'" 7/, and Edmond and Smith . The flow rate
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 effects 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 ie long enough for thermal equilibrium to
become established.

The above mentioned L/D effects are usually observed with
subcooled or saturated one-phase 1liquid 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 ?%ﬁ#f for
a rounded nozzle ty?§6entrance. 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 calculatea by the two flui?293de1 or approximately
by the incompressible liquid flow equation

G = (28 o, (p, - pt))C.E (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 2.4. It has been proven to be a good choice.

2.1.4.2 Suberitical Flow Model

The pressure loss due to friction and geometry change 1is
represented by the standard equation:

i fL, pv? (2.38)
tp = (k + £ zgc

where k = pressure loss coefficient due to contraction and
expansion

friction fractor

friction length

hydraulic diameter

or'm
L |

The subcritical 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:

g0 . 0.3 (2.39)
(k + fL/D)

C =

where p is the pressure difference 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.

(2.40)

hc-hg'

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



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 area provided by the tubes
which suggests that the heat transier 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 1low 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:

v=r+Ll'('--pi—2 (3 (2.41)
where [ o = heat source por.unit volume
k = thermal conductivity
[0 = density
C = heat capacity

P
The forward differencing scheme 1is 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 1idealized method since a temperature
radient must exist in a material in order to establish a heat
low. A reasonably uniform temperature distribution in a metal
can be obtained if the conductor size 1is small and the
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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,
. daT ‘
0 = hAa (T-T,) = - C Mgy (2.42)
where A is the surface area for convection and M is the mass of
the conductor. The initial condition is written

T = TO at t=o (2.43)

If the fluid temperature T¢ is constant, the solution to Eq.(2.42)
is

T = ‘(hA/M C
Te + (T - T.) e p) t (2.44)

In our case, the fluid temperature is not constant, instead it
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+l becomes:

:n+l N Tfn+l + (T® - Tfn+l) i -(hA/M CPE t (2.45)

where T o+l is the saturated temperature corresponding to pn+l,
the pressure at state n+l. 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

Q= HCP(Tn - Ty /8¢ (2.46)

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
transfer coefficient of pure vapor can be considered to be zero.
For a real steam generator, the overa%&QSeat transfer coefficient
"U" is composed of the following terms :

(2.47)

When the thin wall approximation is used,the equation becomes:
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1

- = £ 3

YI L + f + —-——
hi ho (2.48)

For the area which faces the two phase flow, the inverse of the
two phase heat transfer coefficient is much smaller than the wall
thickn ss_go conductivity ratio, which is about 0.0005(Btu/hr
fex*2 “F) °, or the inverse of heat transfer coefficient %n the
primary side, which is about 0.0007(Btu/hr ft**2 F)~*.
Therefore, the accuracy of ho is not important. In our model, a
constant value of 8000Btu/hr ft**2 "F , which is the steady state
value of h_, is assumed to be the value of h_  during the

transient.

2.3 WVater 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,
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
have pure liquid in one side and pure vapor in the other side, it
is very clear that the interface is the location of water level.
I1f 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. Therefore it seems to be reasonable to
define mixture level as the location where the void fraction is
subject to abrupt change. This k%ng of approach has been adopted
in the computer code TRAC-BD1(30) In TRAC-BD1l, a level is

assumed to exist in cell i if

(a -1} > ALPCUT (2.49)

- ai) > ALPCUT, or (ai - 01

i+l

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

remaining:

1. If water level is formed from the top of the vessel,
the given criteria has difficulty in defining cell

i+l.

2. The predetermined cutoff value ALPCUT is somewhat
arbitrary.

3. Without examining the absolute value of void fraction
in cells i+1, i, and i-1, the application of the above
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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 methods a(flysed in the
water level propagation model. The first method 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 vV ev)ea v o9) (2.50)
w v w

- e -+ *_r 9
(1 = a) (Vz - Vw\ (1 a ) (Vi \w) (2.51)

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

impli
mplies a i+ (2. 52)

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

+. + - =
cx\'v -a\v (2.53)

This velogfgy is also referred to as the ''continuity shock wave
velocity" . Using the drift flux notation for vapor velocity

Vv
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V. =Cej+V .
Y I+, (2.54)

equation (2.53) becomes:

+ -

o (aCej + aV_ )" = (aCei + aV ,) 2.55

v, < L 2] (2.35)
a -a

From Eq. (2.52), i~ -j+ =y therefore the superscripts can be
dropped and equation (2.55) is rewritten as:

v *

.+ - - + - -
(a Co =a C, )J + (a ji -a ‘81 ) (2.56)

a =-a

If there is pure vapor above the level =1.0, Cp= 1.0, and V 3
=0.0 so that g

_(1-ac) - G'VEJ- (2.57)

] = a

‘Y
w

This model is very good for describing the phenomena involving a
continuous water level change such as pool swelling under
intermediate transient. Therefnre it is used to simulate the
puol swelling before the water leve! has disappeared. The second
method is a kind of interpretation. Trom the given void fraction
distribution we can interpolate to obrain 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,i-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 1 and call them o,,, apoprespectively, the balance of the
void fraction in control volume requires

- ) (2.58)
(ELEV) 101 = (MIXL) iubot + (ELEV MIXL‘iatop
where MIXL,=mixture level in control volume i
ELEvi-elevation of control volume volume 1

If the void fraction o, a, are assumed to be equal to the

void fractionai_l,a1+1 respgctively, Eq.(2.59) can be rewritten
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(ELEV)iai = (MIXL)iai_l 4+ (ELEV - MIXL) 1%441 (2.59)

After a rearrangement, the mixture level is obtained

01 . 01+1

i-1 7 %441

(MIXI.)i = ( ) ('r:u:v)i (2.60)

Qa

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.

1f 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

a
tOP node s 0.8 and jz - 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

Seot * %% (2.62)
and & <a k1 4
i re cut
where
@, = reappear void fraction
a = cut-off void fraction

cut

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 & 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 flashin
phenomena is already modeled by our codr  the additional mass an
energy from the primary side can easi’; . : handled in the thermal
hydraulic calculation. With respe~: < ' e transportation of the
radioactive material, mainly iodi.e ' rnic iodine species, the

process is much more complex. Du..ng ..« process of flashing of
the primary coolant, iodine will be volatilized or retained in
the small droplets formed by hydrodynamic forces while &%Qac
iodire species will be retained entirely in the droplets .
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 ani 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 1likely to mix well with the secondary coolant.
Consequently, some portion orf iodine or ionic iodine will be
attached to or diso’ved 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
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, + { V£ (H, t')dt' (2.63)
Je,

where
elevation of radioactive material at time t.

s o}
~
(ad
~
]

H = initial elevation of radiocactive material at time
to

- = time at which steam tube rupture occurs.

= any instant of time, t > t,:

v

1 = l%quid velocity as function of elevation H and time
A

Using the control volume notation, equation (2.63) becomes:

n~-1
H (ndt) = H, + J v

(t)At (2.64
kel Lok :

where

ndt = t = any given instant of time

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

2.5 Pool Entrainment Model

Entrainment of 1liquid drops from a continuous 1liquid 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 (Jifferent entrainment mechanisms have been
proposed. The shearing-off mechanism of roll-wave crests is
proposed for cocurrent 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 1is 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 mignt ?S3ﬁuite 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

0.23
* 0.5 .*0.42( ®
0¢<h <1038x10 jgNug D, (ﬁ)

In this region, entrainment is given by

. : YL -1.0
Efg(h,Jg) 4.84 x 10 (Ki) (2.65)

o

(2) Momentum Controlled Region

This region is limited to the intermediate height range
given by

. a3 * 0.5 *0.42 [ Pq\0-23 .
.03
i 8 x 10 Jg Nug DH (Z%) g r

¢ 1.97 x 103 §0-33 p*0. 42(_3)0-23
-9 H Ap

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
3 /m* < 6.39 * 1074

the entrainment is given as

i 1.5 *#1.25 (% |03 « «
Eeq(hudg) = 2213 W15 o) (u) g n

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

ook -4 -0.5 *-0.42 (%9 0-10
6.39 x 10 . -
X c,)g/h < 5.7 x10 Nug Oy (Ao)

the entrainment is given as

-0.31
§*3 p-3 415 p*1.25 (ﬁg

; 6
h.j,) = 5.8
Egglhidg) = 5.417 x 10° jg v OH 2

(2.67)

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

* 0.10
Jg/h' >5.7 x 107 N;‘;-s o -0.42 (fﬂ)

H a0

the entrainment amount increases very rapidly as
£ e (5 /nTy7~20 '2.68)
fg (Jg/h ) p (2

(3)Deposition Controlled Region Above the height given by

*
h 21.97 x 10 NS{,” 0;0-42 (%)0.23
Y

the deposition becomes the main factor determi.ing the
amount of entrainment. 1In this regime, the entrainment
decreases gradually with height due to deposition and is

given as

'1 00
*3 0.5(°g
3g Nug ( ) exp (-0.205(h/D,))

r -4

h, =7,
Efg( Jg) 7.13 x 10 2
(2.69)

In FEquations (2.6§) through (2.69), the definition of
entrainment Efg , h and jg are given as
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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 1is considered as a single
component. The mass and energy equations are solved for the
pressure of this component with boundary conditions 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 "junction". For
each control volume the conservation equations can then be
integrated over space and written as:

{ ,
& " § Gypy +3p 0 - 3 4

3

dLi o

= (3, oy * 1, pihz)j . nAj + vi + éwi (3.2)

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

L o -»>
-2 (jv o,

! +3, 000, EAJ + éwv + éwi (3.3)

v

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:

n
‘ i n#% n-‘-é
\(jvov * Jioi) A\ﬁ ! ) A\* (3.4)

=
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1trH 1n (Pn+l _ Pn)Vi b
- * ((jvovhv + 31°1h1) A)j-l

At At

- (3o h, + Jlolhl)“+’ SN (3.5)

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,, , j, are defined as positive for the cocurrent

upflow.
3.1.1 The Global Vessel System

The conservation equations for the %1oba1 vessel system can be
obtained by summing up the conservation equations for individual

control volumes,

MGn+1 L ch -
- n+
o (g + 390)™ D = (o, + 100" 0 Gl0)
B - wt ™ -ty asd
it . it (PR, + 3gogh)) " Ay
n+d + n
- ((jvovhv + jlolhl) A)out * QG (3.7)

To close these equations, a state equation is required:

i+l n+l .
Pn+1 & f(DGr . hG ) - f( v ’ v ) (3 8)

For. ¢ gixg? 4t and boundary conditions, the three unknowns Mcn+1,
H sy P can be solved from equations (3.6) through (3.8).

Tﬁe boundary conditions are provided by the mass and energy 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 1in 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, h_, at the location
upstream of the break. Otherwise, only the pressure, p, is
required. In either case the required information can be
obtained from the results of previous state calculation.

As mentioned above, thglsets gf equaifons can be solved by given
a ~t and calcualte pn Ty " . In this code, h% gver,

’
the equations are solved é@ givigg the new pressure,p , and
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M ﬁ+l H n+l

calculating /t, . There are two advantages 1“n+1

doing iqﬂFhis+Yay:<ii)’If GAt is given, we need to solve »p
= f( cGn ") "which requires ini%ﬁaﬂ guess and iteration of

pr ure . f t new pressure,p , is given we now solve
P L -f(pn:§, h “il) which usually does not require iteration.
(91) The time S%ep 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.

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

n+l n n
(of - ofgac) VG - MG = - (G A)out At (3.9)
ntl n n+l ny o n
(pghg = (pghg = p B )O)™ " Vo = BT = (B - B v, (™ A . At
+Q." at (3.10)
G
Where (hn)out is the flow averaged enthalpy at the break junction
defined as

n o h + h

W e * IPWhy + 3gpphy o m (3.11)

v
vav + jiol out

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 conditions. Eliminating, n+1 from equations (3.9) and
(3.10), At can be obtained. G

o) ’Dfsn+l(ch+(Pn+l'Pn)Vc“°f“+lhfn+lvc)+(thf'pzfs)n+l(Mcn'cfn+lvc)
-ngn*l ('ChA\o:t N Qg) + (thf ~ cghg\n-fl (GA)o:c
(3.12)
3.1.2 The Local Control Volume System
Assuming saturation condition prevails, the conservation

equations for the local control volume system can be expressed in
the following form.
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+
n lv

-0

( -
pf(l a) + (pga))1 ¢ M,

n+t n n+d n n+% n +
v Pg *3p pg )A)J_lAt - (3, o, * jin iofn)A‘JAt (3.13)

n+1v -u " .

(pghe(l-a) + pghsa))1 { {

l_ n n+é n
(p P )V1 + ((jv ognh8 + ji

n+§ n
ofnhf )A)j_lAt

-+ .
- (,” ’osnhs“ + 31“*’of“hf“)A)jA: +Q, e (3.14)

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

n+d L n+t
(jv)j a(Cej + ng)J (3. 15)
Using the%ﬁdthree equations, the three unknowns,a.n+l, (i) n+1’
can be solved, provided that the flow rates f%oh

and ({%3

juncti jj-l sre given. Therefore, if we start from the bottom
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 1liquid
velocity j; is substituted by j-j, and Eqs(3.13), (3.14) become

(e, = p,. a) n+1v -pn® n+d n,n+d
£ " Peg®y Yy oM e (GA),  TTae - MM . By BH
3 1 f fg jV )jAJAt
" (3.16)
n+l. n _
(pghg = (oghy = p b )a) TV, = W,
n+d, n,n+é n, n+d
At - ( % - a
(Gha), ™ "ot o¢ he S (pghe = poh "3 770 A At
+ (™ - Py, + G, e (3.17)

+1.
}'ge v;)id fraction,” can then be eliminated from Eqs.(3.16) and
17).
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: : i n+] n+l/2 +1/2 . '
For simplicity, the ! ,001 i in Eq.(3.
replaced by f‘,c\n\vy:n respectively. A8’a result,

(

w

with Eq(3.19) and
OEF

an explicit form of total superf

rficial velocity for junction
the intermediate state n+l/2

i
can be obtained as

a3
s+ n+l

] ¢=ABOVE/BELOW

where

lume




In other words, we can substitute a"=1.0 N N=1.0,(v 0
into equations (3.21),(3.22),and (3.23). Tghlefore, ejtotal
superficial velocity becomes:

35"/ 2=a1/m1
where
Ales w00, )™, - u20.h, -0 n )™ 4 5® p, -p 0¥
f'g fg i i ff g 8 i g g
_ n+d £ n+4 s n
(GA)J_1 (ofh p hs) At . ((GhA)J 1 At + Q1 At
n+l n+l
+p - p“)vt)pfs (3.24)
Bl = (h "(p, - p ! n+l
(hg"(pg = )™ + (oon, - oghy) )osnAjAt (3.25)

After j“+1/2 is calculated,Eq. 53Jﬁ) is used to solve the
suge,ficial vapes, velocity j . The difference between

3 n+1/2‘“d 3 n+l}3 ,of coyrsz' the superficial liquid velocity
{ . th so obtained are then aubstithe
Lto Eqs (3 &}? ‘and (3 lé) to get the new void ftactton<:“ and
new mass M; and enthalpy Hy

3.2. Heat Conduction Model

The general equation for the heat conduction is given as:

ey pC
a1
VT 4 A o =2 (2 (3.26)
L ot

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

of equation is
pC
-—2(
k t

@
-3
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Considering a slab in Fig.8, with the foward difference scheme,
the equation for the interior node is given by

n n n n+l n
T1+1 2‘1‘1 - Tl-l i EEE Ti - Ti (3.28)
sz k At
or
n+! 2kit n k At n n
= ( - —_ cr ) 9
Ty A c ax?’ %y *oc Tax? (Tgar * Tym (3.29)



From the definition of Fourier modulus,

y o SE
Fo ¥ pCp Bx*

Eq(3.29) can be rewritten as:
n+l n n n

From the stability analysis it is found that F, should not
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

=
=]
©
o

ax
. 3 T a a T A o n+! _ n 1

where T, is the fluid bulk temperature and h is the heat
transfer coefficient by convection. The above equation is

rearranged as

n+l n o n n n
T > - - »
1 - T1 2F, (T2 T1 BiAx (‘I1 Tf ))
= (1 5 _ QI n n (3.32)
1=2F, + F°Biéx) Tl + .F,Tz + ZF’BiAfo
where F_ = Fourier modulus
B = hix/k, a Biot number on Ax as a characteristic length

14x

Therefore, both the surface temperature and the temperature of
the interior nodes can be calculated explicitly from the previous

time step. The stability of this equation requires FpB; ,, not
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 ho :

h, ® (l-xo)hf+xohg (3.33)
where X, = quality of the control volume at the upstream of
the break

By substituting

1 (3.34)
J (l=a))/(V
1 + (\Eol l=a))/ \vovaﬁ

h, can be expressed as

/ + ) (3.33)
B, ® (Ovjvhv . oijlhl) f (vav olji

where jv = superficial vapor velocity = Vva

*1 = superficial liquid velocity = Vifl-ab
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2. Set a higher limit of local quality x, = 1.
and a lower limit of local quality X, = 0.
2

0
0

and use x_. to

3. Guegs local quality x, = (x4 + xy )/ -

calculate G*°.

dv
G2 = -gcs/(((l - % - axc)xc) —ag * ((1 + 2sxc - 2xc)/p8

dxc)

- = 2 2 ..
- (stc 2s -2s X, + s )/of) 3p (3.36)

where

s = glip ratio = /3;73;

v8 = saturated vapor specific volume

x dh

dxc_(l-xcdhf)_(__c-—x)

d h
P £g dp hfs dp

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

Pe = 0.55 Po: (3.37)
where p, = stagnation pressure
4. Use x, and 62 to calculate h,
Gz 2 1-xC
h, = (l-xc)hf + xchg + % 3 ((l-xc)s/of - xc/os) (xC + = ) (3.38)
L~

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

3. 1If h° (step 4)> hy(step 1), replace xy by x a?d repegt
steY 7 to 5. On the other hand, if h, (step 4) < h, (step 1),
replace x, by x. and repeat step 3 to %.zlf the two h, from step
4 and step 1 coﬁverge, 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.al and
Fig.10.a2. Similiarily, for an intermediate void fraction, the
distribution can be Fig.10.b1l, 10.b2 or 10.b3 and for a high void
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fraction, the distribution can be Fig.10.cl, 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 wvoid fraction the tendency for wvarious
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. 1If we overlook the differences between these two

conditions, the results can be misleading. 1In 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.

. 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

control volume. <Q3yapor velocity, given in table 1,

proposed by Ishii which determines the transition
from the churn-turbulent flow regime to the annular flow
reime is used to determine whether the annular flow regime
shown in Fig.10.c¢3 actually exists.

. 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.




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 FElectric(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(aa) 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 ng’ as well as the results
from the code prediction are provided and compared.

The test apparatus is a vertically oriented steel vessel
of 2.546 ft(0.776 m) in 1inside diameter and 36.68
tt(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
ft(5.19 m) from the bocttom of the vessel. A horizontal
discharge pipe of 0.47 ft(0.143 m) in inside diameter and
1.54 £ft(0.47 m) in length is connected to the vessel at
an elevation of 32.16 %t(9.96 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 1is 1initiated 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 1is
approximately 127. " 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 discﬁarge flow rate is estimated to be between
10 to 15%. The time history of the mixture water level



is measured by a stack equipped wit' electrical contacts
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 227 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) beth 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 different drift flux constants. Therefore,
no distinction can be made from these two results. Figure 11
shows the comparison of the pressure predictions y 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
througg 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.

45



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 drift-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 C-PD2. The saving of computer time is great.

4.2 GE Smal)l Vessel Blowdown Test

4.2.1 Description of the Experiments

3 ressyre vessel for the small vessel blowdown teat(36)1a a 10
. 28m )carbon 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 1limit 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 8o the otarti, Bpitions which are norminally
1000 psi and 545 F (6900KN/M“, 385 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 differential pressure, 1{i.e.
hydrostatic head of the fluid. The density and the volume of the
measurement node determines the average void fraction

a = (p = of)/(o8 - of) (4.1)

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

. Ly(py=e,) (4.2)
2¢ -
(p -p )
i-1 g

4.2.2 Input Model Description
Three separate experiments are calcula‘gq)and compared. The first

experiment does not have a Eg%s number 1@ e the other two are
designated as test 1004-3 and 1004-2 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 arcount 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
chan%e 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
Ishii's model overpredicts the maximum mixture water level while
the V given by equation (2.12) predicts the right maximum
swellﬂﬁL height 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
feeling of the order of magnitude of V_, given by each model, the
plots of V_, vs. 1in Fig. 3 and 4 are %Lferred. It is noted that
the WIIsonsl model always gives the upper bound V value while
the Ishii's model always gives the lower bound vald%jin the range
of 0.2¢<1<0.8, For a given void fraction and a total superficial
velocity,), a larger V leads to a smaller liquid superficial
velocity and consequentf; a less swelling of mixture water level.
This provides the reason why Wilson's model predicts the smallest
water level swelling while Ishii's model predicts the largest

water level swelling.
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4.2.3.2 Blowdown Test 1004-3

The predicted pressure for the simulated test is shown in Fig. 17.
The pressure response using the V provided by equation (2.12)
slightly overpredicts the pressuregthile 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 lecause 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 drift 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 3 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 presgure vqfsel used in the large vessel blowdown test(36) is
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 syvstem 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. 1Large 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, 1is 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
to the normal U-tuge steam generator operating conditions, 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 therefore the nonequilibrium effects
,which is associated with the short L/D , does not occure in the
tests.) To cover the range of break sizes of interest, five break
diameters are selected; 1/2, 3/8, 1/4, 1/8, and 1/16 of an inch.
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 rluid (break flow)
can be obtained from the measured time integrated 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
gtabilized 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 effect 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 1is lumped into the main vessel. The overall space is
represented by a series of control volumes with 9 cells. Fach
cell has the same height. The total volume of the test section
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)
Equation (2.12) with the associated upper limits for
churn-turbulent flow regime, and (3) 1Ishii's model(equation
(2.22)) for annular flow regime. The selection is based on the
results obtained from the comparisons between the predicted
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 [~%=

The c?gg) predictions and comparisons with data obtained by
Parlos are made with two initial pressures, which are 1055 psi
and 800 psi respectively. Except the initial pressure , the test
conditions and procedures for 800 psi are exactly the same as that
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 pei

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
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 resulus 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 bc*avior s observed in the first
few seconds. After the vater i¢ the pool settles down,
the experimental result siowe 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
lag before the break is fully open. In the model the break is
assumed to be open instantly and therefore a faster
depressurization rate is predicted. (ii) The steam may condense
inside the blowdown section which decreases the break quality.
(111) 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 Jg and the superficial 1liquid
velocity j} for 3/8" break are “shown in Fig. 33 and Fig. 34

respectivel Initially, both j_ and Jl are zero. When blowdown
begins, the j, in the upper cofitrol volume shows an increasing
Jump . As tiffe increases the j, in the top control volume stays
almost the same value because of°the critical flow restraint while
the j, in the lower control volume increases due to flashing and
J} de®reases 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 }§ h&s an increasing jump which makes the upper control
volumes bekave 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 vafﬁea 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 cfeate the constant
vo%d lines in Fig. 35. The number of 1 to 8 represents the
constant void lines from o« = 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
;efige transition criteria in Fig. 36. is given in subsection

From Fig. 35 and 36, it is found that

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

2. ¥or the bottom control volume and middle control volume,
the fiow 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 level. We are interested in knowing whether
entrainment {s {important for modeling the system transient
response for a MSLB or FLB transient. Specifically, we are

interested in the effect of enrainment on the total amouu: 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 Ishii'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
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are observed in Fig. 37, 38. In these figures, the dash lines
represent the region where correlation is not available and lcwer
estimate value is given. The entrainment Efg on the y-axis is

defined as

£, =Pyl (2.70)

These figures indicate that beyond certain height, that being in
deposition controlled region, the entrainment 1is essentially
negligible. Therefore, 1if 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

(4.3)

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

howPydyly * 0 30y o B, + By (4.4)
Puly ¥ oMy P e

This is different from case A in which h = h_ (gsaturated vapor
enthalpy). Using the Eg, value at the near st face region shown
in Figs. 37 and !&, the ggeak flow rate for case B is obtained and
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 negligible provided the entrainment is large. But this result
doesn't imply that entrainment also has large effect on overall
carryover. On the contrary, as it will be shown below that the
effect of entrainment on overall carryover is negligible.

Before discussing the effect of entrainment on overal! 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 1is shown in Fig 39 for 1/8" break.
Initially, there is a distinect 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
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 of
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
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 effect, 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 effect of entrainment on water level can be figured out by
looking at the value of jlljv. From Eq. (2.70)

j 0
j—l - Frg <p—") (4.5)
v L

From Figs. 37 and 38, it is found that

at 1000 psi (Eg) .. = 0.095 (31/3) = 0.457

at 400 psi (Egg)pa® = 0.28 G733, = 0.407
Therefore, in terms of volume, the amount of entrainment {s so
small that it has almost no effect on water level response.

The time integration of heat transfer from the wall for five break
slzes, namely 1/2", 3/8", 1/4", 1/8" and 1/16" diameter, are
calculated and shown in Fig. 45, 46. The time scale of 1/16"
break is quite different from the other break sizes and therefore
is presented separately. The results show that the heat transfer
from the largest break size turns out to be the smallest. As we
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 {8 short for large break size and,
therefore, in spite of its high heat transfer 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. T h e
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 imeak 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 twe 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 lower 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 1s larger when
the pipe 1is cold in the beginning. Second, the predicted
depressurization rate is larger than the experimental
depressurization rate and therefore 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 exten

the period of blowdown. Consequently, the measured pool
temperature tends to be higher at the end of blowdown.

4.4.2.3.2 1Initial Pressure of B00 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 inches 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 1is 1installed 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 abtout 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 psi 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 effect 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. 1In spite of this, the
comparisons are considered to be good. The comparison between the
predicted and measured carryover are 1illustrated 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 1if the mixture 1level 1is wused to
calculate the effective heat transfer 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 shown 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 effect 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 1{is racher
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 Co, v for the transient are shown
in Fi%s. 84 to 91. 1t is shown thgé the value of Cp is roughly
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 C; 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. 1In 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 1n%tia11y 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, cthe 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
side, one simply adds a junction and a boundary condition and
repeats the whole calculation.
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and a cut at che edge of the plate. The cross sections of these
four 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 top, and the experiment which is under TransTent.
We also use four letters A, B, C, D to differential fhe 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 1line 1is opened to initiate the
experiment. The experimental results depend largely 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 be observed. Therefore, 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-Al, 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
middie 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-Cl) is quite different. The
developing process is the same as test run F-Al, F-Bl, and F-DIl
until step (b). After the water level reaches the top plate, it
starts 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.




To explain the difference between these four runs, we believe that
flooding occurs at the top plate of run F-Cl but not in run F-Al,
F-Bl or F-D1. 1In 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 controlled by a valve on the drain line so that
the pool water level is always lower than the location where air
is injected a1 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. 1If the flooding first
occurs at the bottom plate, the same phenomena in test run F-Cl
(fixed water 1inventory with plate C) 1is 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)
except one particular observation. For a liquid flow rate of 0.6
gpm(superficial velocity of 0.1 ft/sec) and a gas flow rate of
55.64 gpm (superficlal 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. Therefore,
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:

-0.5
(i) a (p)) (5.1
B flooding
with other parameters not very sensitive to the pressure. For a
steady state flow, the mass conservation requires
(p § A) = Constant £{3:2)
g8
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(Jg)a w8>

Therefore,
(jg) . (,8)'0‘5
g flooding

At the top plate, the pressure is lower, the gas density is
??al}et, and, therefore, the potential for flooding ,i.e.

Y/ (3,) is larger. This also implies that the drain
caﬁabil%tglqgggﬂ§ller fo% a plate at a higger location. For a
given intermediate plate, the amount of drain from the next higher
plate ia 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 preseqﬁsﬁ on Fig.
116. On the same figure, the Wallis flooding criteria

", mjl.’

lg

with m=1.0, ¢=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 effect 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. Therefore,
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 transfer, the flashing, and
due to the expansion resulting from the pressure dropping.
Consequently, we would only expect to find a pool of liquid in tﬁe
bottom of the steam generator or on top of the tube bundle,
provided that flooding occurs. This expectt§§9n is 1indeed
confirmed by the blowdown experiment done by Dane . The dryout
front in Fig. 122 shows a discontinuity across the top support
plate while no discontinuity is observed across the intermediate

support plate.

63



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 c

is selected from Ishii's correlation and its value as function 09
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
yin terms of pressure and vessel diameter, in Fig.118. The
recommended drift flux constants for the other flow regimes
include: (i) V and C0 from Wallis correlation for bubbly flow
regime (ii) v 8J) and Co from Ishii correlation for annular flow
regime. For §be1y flow regime, the recommended C, is 1.0 while
the V is shown in Fig. 119. For annular flow regime, the
recom ded C? is shown in Fig. 120 and the ng , with D=0.34 ft,

g-

is shown in F ¥21.

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 1level prooagation 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<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>