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ABSTRACT 

I 

Q 4 H  I 
The capability of the RELAP5-3DQ computer code to perform multidimensional thermal- 

hydraulic analysis was assessed using data from steady-state flow tests conducted at Rensselaer 
Polytechnic Institute (RPI). The RPi data were taken in a two-dimensional test section in a low-pressure 
aidwater loop. The test section consisted of a thin vertical channel that simulated a two-dimensional slice 
through the core of a pressurized water reactor. Single-phase and No-phase flows were supplied to the 
test section in an asymmetric manner to generate a two-dimensional flow field. A traversing gamma 
densitometer was used to measure void fraction at many locations in the test section. High speed 
photographs provided information on the flow patterns and flow regimes. 

The RPI test section was modeled using the multidimensiond component in RELAPS-3Do 
Version BF06. Calculations of three RPI experiments were performed. The flow regimes predicted by 
the base code were in poor agreement with tho'se observed in the tests. The two-phase regions were 
Qbserved to be in the bubbly and slug flow regimes in the test. However, nearly all of the junctions in 
the horizontal direction were calculated to be in the stratified flow regime because of the relatively low 
velocities in that direction. As a result, the void fraction predictions were also in poor agreement with 
the measured values. Significantly improved results were obtained in sensitiv,iity calculations with a 
modified version of the-code h a t  prevented the horizontal junctions from entering the stratified flow 
regime. These results indicate that the code's logic in the determination of flow regimes in a multi- 
dimensional component must be improved. The results of the sensitivity calculations also indicate that 
RELAP5-3DO will provide a significant multidimensional hydraulic analysis capability once the flow 
regime prediction is improved. 

INTRODUCTIOP 

The RELAP5-3Do code is an outgrowth of the RELAP9MOD3' code originally developed at the 
Idaho National Engineering and Environmental Laboratory for the U. S .  Nuclear Regulatory Commission 
(NRC). The U. S.  Department of Energy (DOE) began sponsoring RELAPS in the early 1980's to meet 
its own reactor safety assessment needs. At the time, a single source code was used for both the NRC 
and DOE. Toward the end of 1995, it became clear that the efficiencies realized by the maintenance of 
a single source code for use by both NRC and DOE were being overcome by the extra effort required 

' to accommodate sometimes conflicting requirements. The code was therefore "split" into two versions, 
one for NRC and the other for DOE. The DOE versions maintained all the capabilities and validation 
history of the predecessor code, plus the added capabilities that had been sponsored by the DOE before 
and after the split. 

The capability of the RELAPS-3DO computer code to perform multi-dimensional analysis of 
nuclear reactor and related systems is being enhanced through the development of a multidimensional 
hydrodynamic component.' The multi-dimensional model has been assessed through comparison with 
simple, multidimensional flow problems for which analytical solutions could be derived' and Test L2-5', 
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which w q  conducted in the Loss-of-Fluid Test (LOFT) facility and simulated a large-break loss-of-coolant 
accident in a pressurized water reactor. This paper describes a complementary developmental assessment 
of the multidimensional component model using data from aidwater experiments conducted at RPI: n e  
WI tests experienced significant multidimensional3low effects because of the asymmetric nature of the 
applied boundary conditions. Because of the multidimensional nature of the flow and the instrumentation 
available to characterize multidimensional effects, assessment with the RPI data provides a much clearer 
picture of the code's ability to predict multidimensional ffow than the integral LOFT experiment. 

The remainder of this paper describes the RPI facility, 'the RELAPS input model, and 
calculational results. Conclusions and references are also presented. 

FACILITY DESCRIPTION 

Steady-state flow experiments were performed in a two-dimensional test section in a low-pressure 
aidwater loop at RPI. The test section consisted of a thin vertical channel that simulated a two- 
dimensional slice through the core of a pressurized water reactor. The test section was 0.91 m (3 ft) tall, 
0.91 m (3 fi) wide, and 0.013 m (0.5 in.) thick. Flow was supplied to or received from the test section 
through four separate ports as shown in Figure 1. Port 1 supplied single-phase liquid to the upper right 
corner of the test section. Ports 2 and 3 received two-phase flow mixtures from the upper left and lower 
right comers, respectively. Port.4 supplied a two-phase mixture to the bottom center of the test section. 
Port 5, which was located in the lower left corner of the test section, was closed duringthese tests. 

Several different types of measurements were taken during the RPI tests. The flows to and from 
the test section were measured, primaray with orifice flow meters. Single-phase flow measurements were 
taken before the air and water streams were combined into the mixture that entered the test section 
through Port 4. Similarly, the two-phase flows from Ports 2 and 3 were routed through tanks and 
separated before single-phase measurements were taken. The pressure in the test section was also 
measured. 

Void fractions were measured with a traversing single-beam. gamma densitometer. As shown in 
Figure 1, void.fraction measurements were taken at three axial elevations and nine locations across the 
width of the t a t  section, for a total of 27 measurements per test. High speed photographs were also 
taken during each test to provide information on the flow patterns and flow regimes. 

' 

The test procedure was to fill the test section with liquid, establish liquid flow to Ports 1 and 4, 
and then establish the air flow to Port 4. The flow rates were adjusted with flow control valves. Once 
the desired flow rates were obtained, the test section was allowed to stabilize and then the measurements 
were recorded. Because of the nature of two-phase flow, the void fraction measurements fluctuated with 
time even though these were nominally steady-state tests. The void fiaction'measurements were averaged 
over a six-minute period to minimize the effects of the fluctuating flow. The maximum error in the 
averaged void fraction was estimated to be 5 0.014. 

Tests were conducted for a range of liquid and air flows. The fraction of liquid flow directed 
to Port 4 was also varied. Three representative tests, Tests lAN4,2AN4, and 3AN4, were selected for 
comparison with RELAPS-3Da. Test parameters are shown in Table 1. The total liquid flow was 
constant and evenly divided between Ports 1 and.4 for all three tests. The air flow, which was supplied 
through Port 4, varied between tests, with Test IAN4 receiving the l e s t  air flow and Test 3AN3 
receiving the most. The flow quality at Port 4 in these tests varied between 0.003 and 0.009. Port 3 
removed a substantial portion (about 40%) of the total liquid supplied to the test section but removed only . 
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a small fraction (less than 5%) of the totzd gas flow for these tests. The remainder of the liquid and gas 
flow supplied to the test section exited through Port 2. 

Test Total liquid mass Fraction of total 
flow rate liquid flow to 

(kg/s) Port 4 
1AN4 1.81 0.50 

2AN4 1.81 0.50 

3AN4 1.81 , 0.50 

Total. air flow Pressure 
(kg/s) (Wa) 

0.00273 133 

0.00547 133 

0.00821 133 

MODEL D E S C m O N .  

A RELAP5-3D0 model of the RPI test section was developed as shown in Figure 2. The model 
used a multidimensional component to represent the test section. Cartesian geometry was selected. The 
test section was represented with 1 interval in the xdirection, 17 intervals in the ydirection, and 16 
intervals in the zdirection. The 
nodalization was developed so that the location of each void fraction.measurement shown in Figure 1 
coincided with the center of a control volume. 

The z-coordinate was selected to be in the vertical direction. 

A timedependent volume was used to represent a pressure boundary condition at Port 2. Time- 
dependent junctions were used to represent flow boundary conditions at Ports 1, 3, and 4. 

The RPI flow,tests were simulated for 410 s of transient time. The initial velocities were set to 
zero in the test section. The liquid and air flow rates at Ports 1, 3, and 4 were increased from zero to 
the measured values over a 5 s period. The flow rates were then held constant for the duration of the 
calculation. Even though the boundary conditions were held constant, oscillations were observed in the 
calculated void fractions. The void fractions were averaged over the six-minute period between, 50 s and 
410 s to be consistent with the averaging performed in the experiments. The average void fractions did 
not drift during the six-minute period, which indicated that conditions within the test section stabilized 
during the initial 50 s of the calculation. Oscillations were also observed in the tests but kansient 
measurements were not presented. 

’ 
RESULTS 

Figure 3 compares measured void fractions for Test 2AN4, which was performed at an 
intermediate air flow rate, with the results from the base calculation with RELAPS-3D0 Version BF06. 
The figure compares void fraction as a function of normalized distance in the ydirection for the three 
axial levels at which measurements were taken. A normalized distance of 0.0 corresponds to the left edge 
of the test section shown in Figures 1 and 2. A normalized distance of 1.0 corresponds to the right edge. 
The estimated uncertainty in the void fraction measurements is shown with an uncertainty bar. 

, 

The results calculated with Version BF06 were in mini,mal agreement with the measured void 
fractions. The trends at the lower level were in particularly poor agreement. In the test, the largest void 
fraction occurred above Port 4, which was the source of the two-phase tlow into the test section. The 
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Figure 3. A comparison of measured void fractions from RPI Test 2AN4 with results 
from the base calculation. 
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measured void fractions then decreased rapidly on either side of Port 4 until reaching minimum values 
at normalized distances of about 0.3 and 0.7. The measured void fractions then increased gradually 
moving towards the edges of the test section. The calculated trends in void fraction were essentially 
opposite of those observed, with the minimum void fraction located above Port 4 and maximal void 
fractions located midway between the center and the edges of the test section. The discrepancies between 
the calculated and measured trends at the middle level were similar to, but not as severe as, those 
observed at the lower level. The void fractions at the upper level tended to be more uniform in both the 
test and the calculation than at the lower levels. 

A mis-calculation of the flow regimes in the test section caused many of the discrepancies between 
the calculated and measured void fractions. The high-speed photograph taken during the test is shown 
in Figure 4. The photograph shows a pocket of air in the upper right corner of the test section and a 
pocket of liquid in the lower left comer. The flow regimes elsewhere were bubbly and slug. With the 
possible exception of the lower edge of the air pocket, no stratified flow was observed. The vertical 
junctions in the zdirection were correctly calculated to be in the bubbly and slug regimes. However, 
nearly all of the junctions in the ydirection were calculated to be in the horizontal stratified flow regime, 
which is clearly inconsistent with the photograph. Even without the photograph, it is clear that the code 
should not predict stratified flow at more than one level in a multidimensional component without 
obstructions. It is also obvious that the flow regimes at a given point should be consistent in each 
direction. 

A sensitivity calculation was performed with a modified code version to investigate flow regime 
effects. Two simple changes were made to Version BF06 to make the modified code. The first change 
prevented the y-junctions from entering the horizontal stratified regime. The second change activated the 
horizontal stratified level gradient term in the momentum difference equation for all the y-junctions. In 
Version BF06, the horizontal stratified level gradient term is set to zero unless the junctions are predicted 
to be horizontal stratified regime. 

The results of the sensitivity calculation with the modified code are shown in Figure 5. The 
trends of the sensitivity calculation with the modified code were much improved compared to the.base 
case. In particular, the maximum void fractions at the bottom and middle levels were located above Port 
4, and were in regonable agreement with the data. The magnitudes of the void fraction oscillations were 

’ 

also greatly reduced in the sensitivity calculation as shown in Figures 6 and 7. Most of the improvements 
in the sensitivity calculation were due to the code modification that prevented the y-junctions from 
entering the horizontal stratified regime. 

Calculated and measured void fractions for Tests 1AN4 and 3AN4 are shown in Figures 8 and 
9. These cdculated yoid fractions were obtained with the modified code. The comparisons were similar 
to those described previously for Test 2AN4. Although not shown, calculations were also performed with 
the base version of the code. For each test, the trends calculated with the modified code were 
significantly better than those obtained with Version BF06, particularly at the lower and middle 
elevations. 

Quantitative comparisons between calculated and measured void fractions were also improved 
with the modified code as shown in Table 2. The table shows both the average and root-mean-square 
(RMS) errors in the calculated void fractions with the base and modified codes. The error was defined 
as the prkdicted minus the measured void fraction. The calculated errors were reduced with the modified 
code for each test. The most significant improvements were obtained for Tests 1AN3 and 2AN4. 
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Figure 4. High-speed photograph taken during Test 2AN4 (from Reference 5). 
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Figure 5. A comparison of measured void fractions from RPI Test 2AN4 with results 
from the sensitivity calculation. 
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Figure 9. A comparison of measured void fractions from RPI Test 3AN4 with results 
from the modified code. 

11 

1 .o 1 1 I I 

. Upper 

0.8 - 'q - 

'0 

9.-----%. 
*.. - 

I 

c I .  

0 - 
0 

L 
U 

*= 0.6 - 
2 

'5 0.4 - 
> 

- 

- 0.2 - " M Data 
a----a RELAP.5-3D -d' , 

I 1 I I I 

1 ;o 1 I I I 

' Middle 

Q-€l Data - 
Q----O RELAP5-3D 

0.8 - 
c 
0 
'3 0.6 
0 
E 
L 
U -5 0.4 
> 

0.2 

- - 

- 
...e .E*-.--- a-.. -- 

-*-d ... 
a' 

I I I I 

1.0 . ' I I i I I 

Lower 
- 0.8 - 0 Data 

@---E] RELAPSD 

c 
0 
0 

- *= 0.6 - 

- a 
------G---..-E*--. a- 

- 
.. 

ci  

I 1 I - ,  0.0 



Test Total air flow Code 
rate (kgls) 

1AN4 0.00273 BF06 

Modified 

2AN4 0.00547 BF06 

Modified 
~ 

3AN4 0.00821 BF06 

Modified 

Figure 10 provides a qualitative schematic of the flow pattern in the test section. The schematic 
was created by the RPI researchers based on visual 'observations of the test section during all the tests and 
was not developed specifically for Test 2AN4. :The test section was divided into eight regions, labeled 
"A" through "G". The boundaries between regions varied between tests and fluctuated within a test. 
Hence, the boundaries between regions shown in the figure should be considered approximate. Also, note 
that the arrows indicate only the direction of flow and do not indicate its magnitude. The primary flow 
path in the test section was in the "C" region, where the flow went from Port 4 upwards and turned to 
the left near the top of the test section. Most of the flow then exited through Port 2 while the rest turned 
and went down the left edge of the test section. The flow turned to the right near the bottom of the test 
section and joined the flow from Port 4. A recirculation flow pattern existed in the "A" and "B" regions 
on the left side of the test section. There was also recirculation observed in the "E" and "F" regions on 
the right side of the test section. The "G" region primarily consisted of water which flowed from Port I ,  
down the right edge of the test section, and out Port 3. 

Figure.11 illustrates the flow pattern in the sensitivity calculation of Test 2AN4 with the modified 
code. The magnitude of each arrow is proportional to the magnitude of the superficial velocity vector, 
j, where 

Void fraction errors 

Average RMS 

-0.090 0.173 

-0.031 0.102 

-0.093 0.195 

-0,060 0.098 

-0.052 0.175 

4-0.002 0.155 

j = q v r  + agvg 

and af is the liquid volume fraction, vf is the liquid velocity, ag is the gas volume fraction, and vg is the 
gas velocity. The vectors at the inlet and outlet faces in the y- and zdirections were averaged to obtain 
velocity.,vectors at volume centers. The direction of the velocity vector at the volume centers was 
determined by the components in the y- and zdirections. 

The flow pattern calculated with the modified code was similar to that observed in the test. In 
the calculation, the primary flow path was from Port 4 upwards. The flow then turned to the left near 
the top of the test section and most of the flow exited through Port 2. Recirculating flows were calculated 
on both the left and right sides of the test section. The code also predicted the flow of liquid downwards 
from Port 1 along the right side of the test section and out Port 3. The tlow pattern calculated with the 
modified code was much improved in comparison to Figure 10 than the*flow pattern predicted with the 
base version. 
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. CONCLUSlONS 

The flow regimes predicted by Version BF06 were in poor agreement with those observed in the 
test. The two-phase regions were observed to be in the bubbly and slug flow regimes in the test. n e  
code correctly predicted that the junctions in the vertical direction were in the bubbly and slug flow 
regimes. However, nearly all of the junctions in the horizontal direction were calculated to be in the 
horizontal stratified flow regime because of the relatively low velocities in that direction. The void 
fraction predictions were also in poor agreement with the measured values. 

Significantly improved results were obtained in sensitivity calculations with a modified version 
of the code that prevented the horizontal junctions from entering the horizontal stratified flow regime. 
These results indicate that the code’s logic in the determination of flow regimes in a muItidimensional 
component needs to be improved. The flow pattern predicted in the sensitivity calculation was in good 
qualitative agreement with that observed during the tests. The results of the sensitivity calculation 
indicate that RELAP5-3D0 wiI1 provide a significant mukidimensional hydraulic analysis capability once 
the flow regime prediction is improved. 
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