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Steady-state natural circulation (NC) in the PWR was investigated focusing on non uniform flow
among steam generator (SG) U-tubes observed in the ROSA/LSTF experiments. In the analysis
using the RELAP5/MOD3 code, the SG behavior was analyzed using the partial SG model with
one, five, or nine parallel flow paths in the primary side and boundary conditions based on the
experiments. The results showed that simulations using the model with five or nine tubes were
capable to capture important non uniform phenomena such as reverse flow, fill and dump and
stagnant vertical stratification, and the stable SG outlet flow as observed in the experiments. Heat
transfer rates to the secondary side were, however, underpredicted by up to 15%. Furthermore,
difficulties were found in establishing the steady state condition especially for the low pressure

analysis: only when the inlet flow rate was carefully imposed, stable NC behavior was obtained.

Keywords: The ROSA/LSTF Facility, RELAP5/MOD3, Natural Circulation, SG U-tubes, Non
Uniform Flow, Flow Stability
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1. Introduction

As part of the joint research program in the field of nuclear safety between JAERI
and BATAN, investigation on natural circulation cooling has been conducted in JAERI
between January 2004 to July 2004. The investigation was in order to better understand
the phenomena in natural circulation cooling as this plays important role in long term
heat transfer from primary side of nuclear plant post LOCA accident. The focus of this
research is the steam generator behavior in which non uniform flow occurs among U-
tubes during LOCA transient and long term natural circulation cooling. Tests conducted
in LSTF found that there are several different modes of non uniform behavior in steam
generator. Those are single phase normal and reverse flows, two phase normal and
reverse flow, cyclic fill and dump, stagnant vertical stratification, and reflux condensation
(ref. 1 and ref. 2). Reference 2 revealed that calculation for SBLOCA transient without
taking into account non uniform behavior would over predict the heat transfer from
primary side. Beside that, low pressure long term cooling calculation also provided very
oscillatory result. Some works have been done in order to deal with non uniform behavior
using different approaches. For high pressure case, Reference 3 used steam generator
model consists of 3 different tubes. Although this approach could show the existence of
some non uniform modes, it could not however, predict fill and dump phenomena
occurred in the test. For low pressure case, analysis on stagnant flow using two parallel
tubes with high flow resistance in one of the tubes as explained in Reference 2 could
reproduce the behavior better, though not sufficiently.

More specifically, this work was to look for RELAPS5 model that could be used to
observe phenomena such as reverse flows, fill and dump, and stagnant vertical
stratification. The reference highlighted that stagnant vertical stratification, and fill and
dump are the distinguishing characteristics between low and high pressure natural
circulation. In dealing with that two general conditions were investigated, at high
pressure and low pressure. The investigation was simplified by looking at the phenomena
in steam generator during steady state condition and only partial steam generator model
was used. Boundary conditions matched with experimental data were applied to the
model. In order to get the insight view on the flow non-uniformity, steam generator
models having more than one tube were developed. Calculations were carried out for
several conditions as conducted in test.

This report presents the modeling used in this work and discussion on the
calculation result for different models and boundary conditions. The report is divided into
several sections. The following section will briefly explain the facility under
consideration. The focus is on the main design of steam generator. The second section
deals with description of data for which this analysis is based on. The description covers
the scope of the data and how the tests were performed. After that the section is followed
by explanation of the computer code used in the analysis and also the modeling of steam
generator including the boundary condition. The final section will discuss the result of
calculation.
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2. Facility description.

LSTF is a facility in JAERI that able to simulate PWR thermal hydraulic response
for broad range of transient scenario, such as small break LOCA, steam generator tube
rupture, natural circulation cooling, abnormal transient, etc. The facility mainly consists
of an electrically heated core, two primary loops and a pressurizer. The design power of
the core is 10 MWatt with design pressure and temperature at 16 MPa and 598 K.
Basically, this facility is a scale down of Westinghouse-type PWR reactor with scaling
ratio of 1/48 for the volume and 1/1 for the height. Each of the two primary loops consists
of centrifugal pump and steam generator. The steam generator has component
characteristic similar to those in the reference PWR. The similarities include the number
of U-tubes, the height of steam generator, the position of feed water ring, etc. Some of the
main characteristic of the steam generator is as shown in table 2.1. Other data can be seen
in Appendix 1 or Reference 4 :

Table 2.1. Major Design Characteristic of LSTF steam generator

Max heat removal rate (MW) 35.7
Number of U-tubes 141
Feed water flow rate (kg/s) 2.76
Steam flow rate (kg/s) 2.76
Average length of U-tube (m) 19.7
Pitch of U-tube (mm) 32.5
Pressure in SG Steam dome (MPa) 7.34

As shown in the table, there are 141 U-tubes in the LSTF’s steam generator. These tubes
have 9 different length and for each length there are different number of tubes. Details of
these tubes geometry are shown in the following table 2.2.

Table 2.2. Details of U-tubes length

Type | R (mm) L (mm) | No. of tubes
1 50.8 94399 21
@ 2 | 833 9590.7 19
— —_ 3 115.8 97412 19
4 148.3 9891.7 19
5 180.8 10042.2 17
6 2133 10192.7 15
L 7 [2458 10343.2 13
8 2783 10493.7 11
9 310.8 10644.2 7
ID =19.6 mm
] OD =254 mm
T Pitch=32.5mm Square
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3. Experimental Data Description.

Data used in this work are steady state data observed during low and high
pressure natural circulation tests that have been conducted in LSTF as explained in
References 1 and 2. In general the experiments were done by draining primary loop mass
inventory step wisely from the bottom of the core and then recorded the data after steady
state condition were reached for each of the step. Each drain removed approximately 5 %
of the original mass inventory. In high pressure case, the experiment were conducted by
keeping the secondary side pressure at about 6.7 MPa and steam generator water level at
about 9.5 meter. Meanwhile the primary side pressure was at nominal PWR working
pressure which then decreased gradually as the mass inventory discharged. Similar
practices were applied for the low pressure case. In this experiment however, the working
pressure was about 0.13 MPa for secondary side and about 0.3 MPa for primary side.
The core power were 1.4 MWatt and 0.94 MWatt for high pressure and low pressure tests
respectively. A more detailed experimental data can be seen in the Appendix 2. From the
two loops data available for this purpose, arbitrarily loop B data was chosen.

Qualitatively, results of the experiments show that for high pressure natural
circulation test, reverse flow was observed in long tube during 100% of mass inventory,
and flow and fill and dump flow were observed in several U-tubes during 73% of mass
inventory (Reference 1). For low pressure natural circulation test, stagnant vertical
stratification flow was observed when mass inventory between 70 to 91 % (Reference 2).

For the need of this work and based on qualitative result, two experimental data
were chosen for each test. For high pressure calculation, data of 100% and 73 % mass
inventory were used. For low pressure calculation, data of 100% and 75 % mass
inventory were used. Samples of the data are presented in the table 3.1.

Table 3.1. Sample data of the low pressure natural circulation test.

Parameter Value Standard Deviation
Mass inventory (%) 100.0

Total core heat (MW) 0.933 '

P upper plenum (MPa) 0.319 0.00288
Core outlet vapor flow rate (kg/s) 0.050043 0.0059021
Loop B Primary side:

Primary loop flow rate (kg/s) 4.675 0.02042

T hotleg (K) 408.924 0.16662

T coldleg (K) 386.839 0.14904
Loop B Secondary side:

Feed water flow rate (kg/s) 0.069 0.01292

T feedwater (K) 361.416 0.45148
Steam line flow rate (kg/s) 0.181 0.00222

T steam line (K) 380.288 0.06186

P sec-side of SG (MPa) 0.13 0.00027
Liquid level (m) 12.214 0.04167
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4. RELAPS Description

RELAPS is a transient analysis code developed originally at the Idaho National
Engineering Laboratory (INEL) for the US Nuclear Regulatory Commission. RELAPS is
highly generic code that can be used for the simulation of a wide variety of hydraulic and
thermal transients in both nuclear and non-nuclear system involving steam, water, non-
condensable and solute fluid mixture. The code contains system component model
applicable to LWRs such as point neutronics model, pump, valve, separator, controls, etc.
Improvements have been conducted to this code since its first development. Details of
these improvements can be obtained in Reference 5. The RELAPS version used in this
analysis is RELAP5/Mod3.

5. Modeling Description

The steam generator model for this work is developed using several generic
model " available in RELAPS such as single volume, pipe, branch, junction, time
dependent junction, separator and valve. For boundary conditions, time dependent
volumes are used. The model can be divided into two parts, primary side and secondary
side. The primary side consists of two single-volumes that represent steam generator’s
inlet and outlet plenums and some parallel pipes that represent U-tubes. Hot liquid and
vapor were supplied to inlet plenum using time dependent junction and will exit through
outlet plenum to boundary condition.

The secondary side consists of more complicated structure. Annulus, pipe,
separator, single volume and branch are used to simulate the construction of secondary
side. Pipe model is used as the place where water boils and vapors build up. Feed water is
supplied using time dependent junction to boiling pipe through annulus and will be
converted into vapor. The time dependent junction is controlled by water collapsed level
in the boiling pipe. From the boiling pipe, vapor will go through separator in which it will
be filtered up from its water content. The water will be fed back to the boiling pipe while
steam will exit through steam line pipe.

The primary side and secondary side are connected by heat structures attached to
both the U-tube and boiling pipe models, and that structures will calculate heat transfer
from primary side to secondary side. In order to get detail view of the phenomena in
steam generator, the U-tubes and boiling pipe of the model are divided into several small
calculation volumes. The boiling pipe model is divided into 18 volumes while the U-tube
models are divided into volume cells between of 32 to 36 depending on their length.
Nodding of the model is shown in the following Figure 5.1.
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Figure 5.1. Noding diagram of Steam Generator

As the upper side of U-tube has half circular shape and RELAPS has no such generic
model, this upper part was approached using two similar pipe connected as shown in
Figure 5.2. In making this approach, the total length and height of the tubes are preserved

to remain the same.
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Figure 5.2. Approximation of U-tube geometry

In order to accommodate the need of this research which is to observe the main
non uniform flow modes in steam generator, three models were developed. Those are
steam generator model using single tube, 9-tubes and S-tubes. The steam generator with
single tube model is basically adopted from the LSTF’s system-wide input deck model
that has been used for other calculation before. In this model, all U-tube is represented
by single tube that will be the place of heat transfer from primary side to secondary side.
The S-tube and 9-tube model is extension of the single tube model. The 9-tube model
were selected as physically the steam generator has 9 different tube length (see facility
description section). The S5-tubes model is simplification of the 9 tube model, in which
grouping was made for two adjacent tubes. Three tubes model was not developed as
Reference 3 showed that this model did not show up fill and dump phenomena during
high pressure calculation. Detail of U-tube geometric value can be seen in table A.1.4 to
A16. in Appendix 1. Based on the modeling above, RELAPS input deck were then
created. The input deck list for each model were presented in Appendix 5.

6. Boundary Condition

As stated before, in this work investigation on natural circulation cooling was
focused on the behavior inside steam generator. For this reason the model prepared was
partial only, and boundary conditions were applied as needed. In primary side, the
temperature and mass flow of both liquid and vapor were imposed at the inlet boundary.
The working pressure of the primary side was set using outlet boundary. This boundary
for some calculation was adjusted to make the differential pressure between inlet and
outlet plenum matches with experimental data. For the secondary side, the boundary
conditions imposed were temperature of feed water, steam generator water level, and
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saturated temperature/pressure of steam in the steam line. The feed water flow will be
depending on the water level in the boiling pipe. If the level exceed the prescribed limit,
feed water will stop and if the water level drop below the prescribed limit, feed water will
flow. Complete boundary condition for each calculation can be seen in the Appendix 3.

7. Results and discussions

Using boundary condition explained before, several code run were executed.
Different number of tubes models were used. Single tube model was executed, as the
base for comparison but will not be explained further because this model can not deal
with non uniform flow. The 9-tubes and S-tubes models were executed to get the insight
on what happens in U-tubes.

7.1. High Pressure Case

7.1.1. Nine-tubes Model

In steady state calculation for 100% of mass inventory case, the result shows that
at least there are three flow circumstances depending on how the boundary conditions are
approached. They are circumstances where flows in U-tubes are: forward in all tubes
(Appendix 4.5.1), reverse in short tubes while forward in other tubes (Appendix 4.5.2)
and reverse in long tubes while forward in other tubes (Appendix 4.5.3).

For all cases, the steady differential pressure is positive, meaning that pressure in
outlet plenum is higher than in inlet plenum. The positive differential pressure can be
understood by comprehending that as the flow runs slowly and the secondary side water
temperature distribution are almost uniform (less than 1 K different between upper and
lower levels), the heat is mostly transferred in the upside of tube. In other word the
cooling of primary fluid temperature mostly occurs in the upside of U-tube. That
condition would make average temperature in upside is higher than in downside so
overall water density in the up side tubes are lower than overall density in downside. And
because the density in downside is higher than in upside tube, this means the pressure in
outlet plenum is higher than in inlet plenum.

The first flow circumstance, which shows disagreement with qualitative result
stating non-uniform flow among U-tubes, was obtained by putting all boundary condition
similar to the test data while initial condition for each component was filled in with
uniform arbitrary value. This situation shows that not only the current boundary
condition is behind the cause of the reversing flow. A trial run by reducing the flow rate
to a certain lower value and then returning back the flow to the original value ends up
with the second stable circumstance, in which flows in short tubes were reversed. This
shows that in order to get reverse flow, the primary flow must be sufficiently slow. When
flow becomes slow, the inlet flow rate could not maintain flow in all tube in forward
direction. If overall water head of the downside tube is sufficiently high to overcome the
total head in upside tube and the pressure drop in the short tube, the flow in the short tube
would go reversed. In this case the short tube is more preferred as short tube has smallest
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total head. When the flow has reversed, the differential pressure become lower, but still
remain positive. As the flow rate back to original value, the differential pressure remains
positive. That means the reverse flow can be maintained to remain reverse. These two
different circumstances support claim in Reference 1 stating that flow in natural
circulation is considered as in unstable region in which occurrence of non uniform flow is
possible and flow can remain reverse once it is reversed for flow rate in unstable region.

The second flow circumstance shows that the preferred reverse flow during
unstable flow was in short tube. This result differs from the qualitative test result which
indicated that the preferred tube to have reverse flow was the long tube. This different
occurred because realistic transient during the test was not reproduced in this steady state
calculation. However, from the previous explanation, it can be understood that if duning
the slowing down of the flow, the differential pressure was negative, it is possible to have
the long tube flow reverses. The differential pressure could go to negative value if the
average temperature of the upside is lower than the down side. That can happen if inlet
temperature drops for some time. As previously recognize, the flow rate as much as 5.808
kg/s 1s low enough in which a partial water need about 110 s to move from the inlet to the
top of U-tube. If lower temperature inlet entered for this period of time, it is possible to
get the differential pressure a negative value. An execution using this approach ends up
with result in the third stable circumstance where flows in two long tube are reversed.

These three flow circumstances show that transient before final steady state play
important role on selection of the flow modes among U-tubes. Combination of flow and
temperature transient will determine whether a reverse flow on short or long tube will be
obtained or not. This result comply with statement in Reference 1 that the behavior of
tubes i1s somehow depending on the history of the transient through which the final
condition is reached.

When reverse flow occurs, colder water from outlet plenum will enter to inlet
plenum. This condition will reduce the temperature in inlet plenum to some degrees. The
calculation using 9-tube model which has three tubes with reversing flow exhibits that the
temperature decreases for about 3.3 K. The three long-tubes having reverse flow in this
model are equivalent with 22 % of tubes in real steam generator. Although some of tubes
have reverse flow, however, comparison shows that the amount of heat transfer from
primary side is almost no difference between the calculation with all tubes having
uniform forward flow and the calculation with some tubes having reverse flow. The
discrepancy was less than 0.3 %. With less forward flow tubes, the capability of steam
generator does not affected. This indicates that the steam generator have capability to
transfer more heat than the current transfer rate during 100 % of mass inventory natural
circulation cooling. However such heat transfer comparison must be understood as for
partial model situation in which inlet flow is kept constant. In system wide model, the
temperature drop in inlet plenum will affect the balance of water density between the
upside and downside which then affect the driving force for the natural circulation in
steam generator. The reverse flow occurred in some steam generator’s U-tubes may
would affect the flow rate in the system afterward.
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For calculation using 73 % of mass inventory data, the fill and dump phenomena
can be observed in model with 9 tubes. Fill and dump is intermittent flow occurred in
tubes having enough supply of vapor so that condensation is occurred in the upper side of
tubes. When the accumulated water produced from condensation reaches the top of U-
tube, it will then be discharged quickly to down side tube (Reference 1). This periodic fill
and dump can be seen in Figures A.4.6.3 to A.4.6.7 of Appendix 4, in which the mass
flow rate on the top of tube becomes periodically fast in short period. The 73%
calculation result shows that the fill and dump occurred in 68 % of total tubes while in
the other tubes continuous oscillatory flows exist ( Figures A4.64 to A4.69 in
Appendix 4). It also shows that the fill and dump period among the tube comes out of
phase and the differential pressure is about close to zero. The existence of fill and dump
make the outlet flow rate becomes slightly oscillatory. This situation excellently match
with the qualitative result explained in Reference 1.

In term of heat transfer from the primary to secondary side, calculation indicates
that the existence of fill and dump in half of tubes affected the heat transfer rate.
Although the result shows a little oscillatory, comparison on average value reveals that
calculation using 9-tubes model transfers 6 % less heat than the single tube model does
for 73% of mass inventory. It can be expected that if more tube having fill and dump
modes (eg. for lower mass inventory), the discrepancy will be greater. This discrepancy
shows the important of non uniform consideration in dealing with steam generator during
LOCA calculation. Failing to use model that be able to capture fill and dump phenomena
would end up with faster reduction of primary side pressure.

7.2. Low Pressure Case

Like in the high pressure natural circulation cooling calculation, different steam
generator model were also used for low pressure calculation. For single tube model,
calculation provides similar outcome with result in Reference 2. The general
characteristic for this calculation is the existence of cyclic oscillatory flow including
reverse flow in steam generator primary side (Figure A.4.3.3. in Appendix 4). The result
shows oscillatory flow occurred for both 100 % and 75 % of mass inventory calculation.
The reference noted that the oscillatory is due to the low vapor supply rate while the
condensation rate in tube is much higher so that the pressure in tube can not be steadily
maintained.

When calculation was done the using 9-tubes model, for 100% of mass inventory,
stable flow circumstance was achieved in which some tubes have reverse flow (Appendix
4.7). With the existence of the reverse flow, vapor supply was somehow balanced with
the condensation rate in U-tube so oscillatory was not occurred. However, in conducting
the calculation some difficulties was encountered in order to reach stable result. Unstable
oscillatory flow would occur if arbitrary initial conditions were used for the intended
boundary condition and once the instability occurs, the condition inside steam generator
would never gets stable. Example of the unstable oscillatory flow can be seen in Figure
A.4.7.4. This situation is typically occurred in low pressure natural circulation calculation
only and somehow could make calculation fail to converge on a stable value. Realizing
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the problem, an approach before implementing the steady state boundary condition was
performed. The approach used was by applying the primary side with sufficiently high
pressure and high flow rate. Using this method, stable circumstance at high flow rate
could be achieved. The flow was in forward direction for all tubes. When such
circumstance reached steady, calculation was continued by making a transient simulation
to the boundary condition matched with experimental data. The boundary pressure was
reduced quickly enough into experimental data value while at the same time the flow was
reduced into very low rate. After that, slowly the flow rate was increased to the intended
boundary value. Using this approach, it was expected that flow in U-tubes will
reconfigure themselves and go to directions based on the condition at that time. However,
trial using this approach shows that not any transient combination leads to non-oscillatory
result. For example if the time needed to reach intended flow rate was 160 s then the flow
instability would occur, while if the time was 180 s the calculation result will be stable.
Tnals on many more data show that only at certain flow increase rate that can
successfully reach stable condition. The following table 7.1. presents calculation result
using different flow increase rate which is represented by time needed to reach intended
value. The table shows that there was no clear pattern on the increase rate that would
bring to stable circumstance. Moreover, although the stable results exhibit the existence
of reverse flow, the tubes having reverse flow tend to be different on one another.

Table 7.1. Effect of flow increase rate on flow stability of the result

dt(s) Flow stability Note Q (MW) |Standard deviation (% )
160 oscillatory - 0.496 82.66
170 oscillatory - 0.523 78.97
179 stable 9,7,6,5 reverse 0.492 0.89
180 stable 9.8,5 reverse 0.494 1.72
184 oscillatory - 0.529 72.78
186 oscillatory - 0.532 73.68
190 stable 9,8,7,6 reverse 0.494 1.84
194 stable 1,2 reverse 0.499 0.96
195 oscillatory - 0.516 77.13
200 oscillatory - 0.526 73.00
202 oscillatory - 0.511 74.76
210 stable 9,7,5 reverse 0.495 0.95
214 oscillatory - 0.499 73.55
225 oscillatory - 0.505 75.84
230 stable 8,7.6 reverse 0.495 1.49
238 oscillatory - 0.502 79.08
242 oscillatory - 0.516 72.87
252 stable 8,3,4 reverse 0.493 0.73
256 oscillatory - 0.510 79.02

Similar problem encountered in 100% of mass inventory case was also happened
for 75% of mass inventory calculation. The unstable oscillatory flow result would occur
when arbitrary initial condition applied. In the 75 % of mass inventory calculation, the
stable result of the 9-tubes model provides qualitative outcomes as the one observed in
the test (Appendix 4.8). Stagnant flow in most of tubes and continuos two phase flow in
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some other tubes were presented. The result shows that the tube #1 and #2 have continuos
flow while in tube #3 until tube #9 the flow were stagnant. Reference 2 explains that the
stagnant flow exists because of the temperature distribution at secondary side which has
contour in which the bottom and topmost parts have lower temperature than in the middle
(Figure A.4.8.4, Appendix 4). This temperature profile exists due to the saturated
pressure in secondary side at low pressure is comparable with the static head pressure of
the water level. When feed water enter to the bottom of boiling pipe, its temperature will
increase to saturated value as it flows up. The saturated temperature is affected by the
local pressure which decreases as its position increases. So after the temperature goes up
and reaches saturated value at about in the middle position, it will then decrease to lower
value because the pressure is lower. The secondary side temperature profile like this
would make the condensation and evaporation occurred in primary side along the U-tube.
Inside the U-tube, the vapor will be produced in the middle of tube after condensation in
the lower side. As the vapor move up after the evaporation, the condensation will occur
again in the upper part of U-tube. This phenomenon happens for both the upside and
downside of the U-tube. When condensation and evaporation reach balanced after the
transient that leads to vapor existence in the tube, this profile will bring stagnant flow in
the tube. The primary flow then will be directed to other tubes which do not have vapor
slug. Using partial model Reference 2 showed this evaporation and condensation balance.

The existence of stagnant flow in steam generator U-tubes captured by the 9-tubes
model means the reduction of flow and heat transfer area. This conditions more or less
will affect the heat transfer to secondary side. The effect of this situation can be clearly
seen if we compare heat transfer rate between single tube and 9-tubes models in Figures
A44.1 and A4.8.1, Appendix 4. Although the single tube model result was quite
oscillatory, the average value somehow still can be compared. The calculation show that
using the 9-tubes model and with the existence of stagnant vertical stratification in most
of tubes and continuos flow in two short tubes, the heat transfer will be 15 % less than
using single tube model. The two tubes with continuos flow in the model equivalent with
40 tubes in real steam generator. This supports claim in Reference 2 that the non uniform
behavior become the reason behind over prediction of heat transfer during LOCA
transient. A closer look on the heat transfer in each tube shows that 63 % of heat transfer
occurred in the two tubes with continuos flows and 37% remainder occurred in tube with
stagnant flows (Figure A.4.8.1, Appendix 4). The tube with stagnant flow still play
significant contribution to the heat transfer because vapor are distributed to all stagnant
tube and due to its density it will naturally go up and then will condense in tube. By the
reason of vapor bring much higher enthalpy than water, small fraction of vapor releases
significant heat during condensation.

Realizing that the condition of final non-uniformity among U-tubes is affected on
how the boundary condition is imposed as in the 100% of mass inventory case, it can be
considered that calculation for the 75 % of mass inventory boundary condition data can
lead to different tubes having continuos flow. A trial simulation using different way to
reach the boundary condition ended with tube#1, tube#S5 and tube#8 having continuos
flow while other tubes having stagnant vertical stratification mode. The three tubes with
continuos flow in this result is equivalent with 49 tubes in real steam generator. The
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average heat transfer was about 12 % lower than using single tube model. This shows that
less number of U-tubes having continuos flow will transfer less heat to secondary side.

Although using 9-tubes model there is significant reduction on heat transfer rate
compared with the single tube model as described before, the grouping into 9 bunch still
have possibility to over predict the heat transfer rate. This because single tube in the
model is equivalent on average with 15 tubes in real steam generator. Realizing that the
tube with continuos flow play significant influence on heat transfer, this suggests that in
order to get more accurate result for transient involving flow stagnation, greater number
of group is needed. However such an effort is a trade in between precision and
calculation cost.

From the oscillatory point of view, the 9-tube model provide much better result.
Figure A.4.8.2. shows the primary side flow rate and Figure A.4.8.7 shows flow in each
tubes. Although the oscillation still occurs along the tubes with continuous flow but in
this calculation, the unrealistic reverse flow does not appear. This result excellently
matches with the test result. Little oscillation also occurs in the liquid collapsed level in
the tube with stagnant flow (Figures A.4.8.5 to A.4.8.14). This oscillation indicates that
the stagnant tube somehow plays role on compensating oscillation appears in tube with
continuos flow.

7.3. Five-tubes Model

When calculation was performed using S-tube model, the qualitative result was
similar with the 9-tubes model. Reverse flow in 100% mass inventory calculation and fill
and dump flow in 73% of mass inventory calculation could be observed in high pressure
calculation. For the low pressure case, the stagnant vertical stratification was also
excellently simulated. Result of this calculation can be seen in Appendix 4.9 to 4.12. This
conclude that steam generator model using S and 9 different tube are capable to be used
to capture main phenomena occurred during high pressure and low pressure natural
circulation test.

8. Conclusion

Steady-state natural circulation (NC) in the PWR geometry was analyzed using the
RELAP5/MOD3 code focusing on non-uniform flow among steam generator (SG) U-
tubes that was observed in the ROSA/LSTF experiments. Two steady-state experiments
were selected for the analysis to represent high and low pressure conditions during
accidents in PWR: ST-NC-02 conducted at ~7 MPa and ST-NC-17 at ~0.2 MPa. For both
experiments, the primary mass inventory was the main test parameter, while the other
parameters were kept constant at a specified value.
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The SG behavior were analyzed using the partial SG model with one, five, or nine flow
paths in the primary side and boundary conditions based on the experiments. The
imposed boundary conditions were flow rate, quality, pressure of the inlet side of the
primary and feedwater temperature, liquid level, and pressure in the secondary. In general,
the simulations using the model with five or nine tubes were capable to capture important
non uniform phenomena such as reverse flow, fill and dump, and stagnant vertical
stratification. As a result of appropriate simulation of the non-uniform flow, the
calculated SG outlet flow in the primary loop was stable as observed in the experiments.

Effects of the nonuniform flow on the heat transfer from the primary to secondary were
dependent on calculated cases. For the case of high pressure and 100% mass inventory,
three flow distributions among tubes were calculated from the same imposed boundary
conditions. The calculated flow distributions were 1) uniform, i1) mostly normal and
partially reversed through the longest tube, and iii) reversed through the shortest tube. It
seems the history of transient plays an important role on the selection of the flow
distribution among tubes. Interestingly, the calculated heat transfer rates were almost the
same among the three flow distributions.

On the other hand, the calculated heat transfer rates were 6% lower when the fill and
dump mode was simulated using the 9 tubes model for the case of high pressure and
75 % mass inventory. Similarly, the heat transfer rate was 15% lower when the
coexistence of the flow stratification and two-phase flow was simulated for the case of
low pressure and 75% mass inventory. These results clearly indicate the importance of
the simulation of the nonuniform flow in predicting both the flow stability and heat
transfer between the primary and secondary.

Furthermore, difficulties were found in establishing the steady state condition especially

for the low pressure analysis. Only when the inlet flow rate was carefully imposed,
stable NC behavior was obtained.
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Appendix 1.

Table A.1.1. Steam generator geometry *

Height m
Inner height of SG Vessel 19.840
Inner height of plenum 1.813
Inner height of SG secondary side 17.693
Height of u-tube (max) 10.620
Height of u-tube (min) 9.156
Height of down comer 14.101
Fluid volume per one SG m’
SGB inlet plenum 0.4371
SGB outlet plenum 0.2089
Compartment 0.1990
Vertical part of sleeve 0.0099
Inside u-tube 0.8384
Inside tube sheet 0.0282
Total primary coolant in SG-B 1.512
Lower down comer piping 0349
Total Secondary Coolant in SG-B 7.030
Flow Area per one SG m’
Inside u-tube 0.0425
Boiler Section 0.2293
U-tube support plate 0.0712
Flow distributer 0.0771
Separator vane 0.129
Down comer annulus 0.0743
Lower downcomer 0.0296
Main steam line 0.0862
Main feedwater line 0.001924




JAERI—Research 2005—011

Table A.1.2. Major design characteristic *

Max heat removal rate (MW) 357
Number of u-tubes 141
Feed water flow rate (kg/s) ‘ 276
Steam flow rate (kg/s) 2.76
Pressure in SG Steam dome (MPa) 734
Temperature at SG inlet (K) 598.7
Temperature at SG outlet (K) 562.4
Average length of u-tube (m) 19.7

Table A.1.3. U-tube geometry details *

Type R (mm) L (mm) No. of tubes

((F}\\ 1 50.8 94399 21
W 2 83.3 9590.7 19
3 115.8 97412 19
4 1483 9891.7 19
5 180.8 10042.2 17
6 2133 101927 15
L 7 2458 103432 13
8 2783 104937 11
9 3108 10644 2 7

ID =19.6 mm

OD =25.4 mm

Pitch =32.5 mm . Square

*) source: LSTF system description, table 5.3-3
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Table A.1.4. Approximation of U-tube geometry for single-tube model

Type C (mm) L (mm) No. of tubes
1 2945.8 7677.2 141
a=734

Table A.1.5. Approximation of U-tube geometry for 9-tube model

Type C (mm) L (mm) No. of tubes
1 79.80 9439.9 21
2 130.85 9590.7 19
3 181.90 9741.2 19
4 232.95 9891.7 19
5 284.00 10042.2 17
6 335.05 10192.7 15
7 386.10 103432 13
8 437.15 10493.7 11
9 488.20 10644.2 7

a=39.54
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Table A.1.6. Approximation of U-tube geometry for S-tube model

7\

T

Type Grouping | C (mm) L (mm) No. of tubes
1 1&2 104.0 9511.5 40
2 3&4 2074 9816.5 38
3 5 284.0 10042.2 17
4 6&7 358.8 10262.6 28
5 8&9 457.0 10552.2 18
a=39.54
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Appendix 3

Boundary condition data
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Figure A.3.1. Noding diagram of steam generator
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Table A.3.1. Data of boundary condition

Model No. | Parameters HP LP
100% inventory | 73% inventory | 100% inventory | 75% inventory
200 Temperature 576.52K 55881 K 408924 K 402.332 K
Pressure 12.313 MPa - - -
Quality - 0.04723 0.0053522 0.01663
205 Liquid flow 5.808 kg/s 8.859825kg/s | 4.6499785kg/s | 6.998625 kg/s
Vapor flow - 0.439175kg/s | 0.0250215kg/s | 0.118375 kg/s
230 Temperature 5558K 558.04 K 386.839K 393.057 K
Pressure 12.313 MPa 7.02628 MPa | 0.319 MPa | 0.243586 MPa
Quality - -
350 Temperature 486.27K 49271 K 361416 K 365.218 K
Pressure - - - -
Quality 0 0 0 0
320 Temperature 555.99K 5559K 380.288 K -
Pressure - - 0.131 MPa
Quality 1.0 1.0 1.0 1.0
Trip Logic | SG Water Level { 9.557m 9.595 m 12214 m 12392 m
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Appendix 4

4.1. Result of 100% of mass inventory HP calculation using single tube model

Figure A.4.1.1 Heat transfer rate in U-tube
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Figure A.4.1.3. Differential pressure
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Figure A.4.1.4. U-tube flow
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4.2. Result of 73% of mass inventory HP calculation using single tube model

Figure A.4.2.1. Heat transfer rate in U-tube
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Figure A.4.2.3. U-tube flow
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Figure A.4.2.4. U-tube collapsed liquid level
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4.3. Result of 100% of mass inventory LP calculation using single tube model

Figure A.4.3.1. Heat transfer rate in U-tube
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Figure A.4.3.2. Differential pressure
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Figure A.4.3.4. Secondary side temperature distribution
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4.4. Result of 75% of mass inventory LP calculation using single tube model

Figure A.4.4.1. Heat transfer rate in U-tube
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4.5. Result of 100% of mass inventory HP calculation using 9 tube model

4.5.1. Uniform Forward Flow.

Figure A.4.5.1.1.

Heat transfer rate in U-tube
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Figure A.4.5.1.4. Differential pressure
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4.5.2. Short Tube Flow Reverses

Figure A.45.2.1. Heat transfer rate in U-tube
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Figure A.4.5.22. Inlet flow
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Figure A.4.52.3. Tube flow
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Figure A.4.5.3.2. Inlet flow
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Figure A.4.5.3.5. Secondary side temperature distribution
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4.6. Result of 73% of mass inventory HP calculation using 9 tube model
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Figure A.4.6.3. Tube#1 flow
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Figure A.4.6.6. Tubei#4 flow
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Figure A.4.6.9. Differential pressure (P out - P in)
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Figure A.4.6.10. Tube collapsed level (Up side)
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4.7. Result of 100% of mass inventory LP calculation using 9 tube model
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Figure A.4.7 4.

Instability in U-tube flow
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4.8. Result of 75% of mass inventory LP calculation using 9 tube model

Figure A.4.8.1. Heat transfer rate in U-tube
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Figure A.4.8.2. Ouitlet flow
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Figure A.4.8.4. Secondary side temperature distribution
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Figure A.4.8.5. Tube#2 collapsed level
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Figure A.4.8.8. Tube#5 collapsed level
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Figure A.4.8.11. Tube#1 collapsed level
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Figure A.4.8.12. Tube#7 collapsed level
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Figure A.4.8.13. Tube#4 collapsed level
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Figure A.4.8.14. Tube#9 collapsed level
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4.9. Result of 100% of mass inventory HP calculation using 5 tube model

Figure A.4.9.1. Inlet flow
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Figure A.4.9.2. Differential pressure
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Figure A.4.9.3. Tube flow
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4.10. Result of 73% of mass inventory HP calculation using 5 tube model

Figure A.4.10.1. Tube#1 flow
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Figure A.4.10.3. Tube#3 flow
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Figure A.4.10.4. Tube#4 and Tube#6 flow
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4.11. Result of 100% of mass inventory LP calculation using 5 tube model

Figure A.4.11.1. Heat Transfer rate in U-tube

20

16

s

Q (Mwatt)

0.0 T T T T T v T Y T v v v T T
4000 5000 6000 70?0

-0.4

time (s)

Figure A.4.11.2. Inlet flow

5 -
/ [————mlet flow |

flow rate (kg/s)

0 5000 £57478]4 IURINII— 0 0§

time (s)

Figure A.4.11.3. U-Tube flow
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4.12. Result of 75% of mass inventory LP calculation using 5 tube model
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Analysis on Non Uniform Flow in Steam Generator During Steady State Natural Circulation Cooling
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