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ABSTRACT

In the authors’ previous studies, low flow data were taken systematically from the Purdue University rod
bundle facility at atmospheric pressure with air and water as working fluids. The data set was used to
develop a new drift flux correlation for accident analyses to predict void fractions over a wide range of two-
phase flow conditions in rod bundle geometries. In this study, the new correlation was implemented in the
RELAP5/MOD3 code, and the void fraction prediction performance was compared with the EPRI
correlation which was installed in the original RELAP5/MOD?3 code. Numerical analyses carried out for
the Purdue University rod bundle tests showed that the results obtained using the new correlation were in
good agreement with the test data and represented an improvement over those obtained from the EPRI
correlation. Numerical analyses carried out for the void profile tests in the THTF at ORNL, however,
showed that the new correlation developed under low flow atmospheric pressure air/water conditions was
less accurate for low flow high pressure steam/water conditions. The new correlation needs improvements
in order to scale the pressure effects appropriately.

KEYWORDS
Drift flux, Rod bundle, Void fraction, Low liquid flow, RELAP5

1. INTRODUCTION

Existing drift flux correlations for rod bundles may not appropriately consider two-phase flow mechanisms
in low flow and low pressure conditions during accidents. For instance, at low liquid flow and low pressure
conditions, downward flow at the outer perimeter has been observed in a large diameter pipe [1] and large
concentrations of gas have been measured at the central higher velocity regions of large diameter channels
[2]. These characteristics are attributed to recirculating flow patterns. Furthermore, large concentrations of
void have been observed in the central regions of a rod bundle at low pressure and low flow conditions [3].
Therefore, similar to large diameter pipes, recirculating flow patterns may occur in rod bundles at low flow
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and low pressure conditions. Low pressure systems introduce greater buoyancy forces because of an
increased density difference between the continuous and dispersed phases. On the other hand, at high
pressure and high liquid flow conditions, the decreased buoyancy forces and increased turbulence would
prohibit any recirculating flow patterns from developing in rod bundles. Earlier drift flux correlations for
rod bundles may have placed priority on use in high pressure and high liquid flow conditions because these
are more representative of a prototypic power plant. This may provide an explanation for why recirculating
flow patterns have not been previously considered for drift flux models in rod bundles. However, it may be
important for a rod bundle drift flux correlation to consider these two-phase flow mechanisms. For instance,
low flow and low pressure conditions are relevant for a loss-of-coolant accident (LOCA) or a loss-of-RHRS
(residual heat removal systems) event during mid-loop operation.

In the authors’ previous studies [4, 5], low flow data were taken systematically from the well-scaled Purdue
University 8 x 8 rod bundle facility at atmospheric pressure with air and water as working fluids. Results
indicated a significant increase in the distribution parameter when mixture volumetric flux was relatively
low. The collected data were used to develop a new drift flux correlation for accident analyses to predict
void fractions over a wide range of two-phase flow conditions in rod bundle geometries. The Hibiki and
Ishii correlation for drift velocity [6] that reflected the effects of recirculating flow patterns was
implemented in the new correlation. The distribution parameter was then back calculated from the one-
dimensional drift flux model general expression using the drift velocity and the associated data. It was
confirmed that the distribution parameter increased at low volumetric flux conditions before exponentially
decreasing as superficial velocity increased, and approached asymptotically to a constant value which
matched the distribution parameter determined for rod bundles at high flow and high pressure conditions.
These characteristics were associated with recirculation flow patterns. A performance analysis
demonstrated that the new correlation improved upon existing correlations and had an average relative error
of £4.5% when predicting the void fraction of the database utilized in this work.

In this study, the new correlation is implemented in the RELAP5/MOD3 code [7], and numerical analyses
are carried out for the Purdue University rod bundle experiments to investigate the applicability of the new
correlation to the RELAPS code. In addition, numerical analyses are carried out for the two-phase mixture
level swell tests in the Thermal Hydraulic Test Facility (THTF) at the Oak Ridge National Laboratory
(ORNL) [8, 9] to investigate the applicability of the new correlation to low liquid flow and high pressure
conditions expected in a small break LOCA.

2. THE NEW DRIFT FLUX MODEL IN ROD BUNDLES
2.1. Overview of the New Rod Bundle Correlation Development
The drift flux model [10] is given by

()= 0

where vg, a, jg, Co, j, and Vg are gas velocity, void fraction, gas volumetric flux, distribution
parameter, mixture volumetric flux, and drift velocity, respectively. The <> and << >> notations
designate area-averaged and area-averaged void weighted mean values, respectively. In general,
closure relations for the distribution parameter and the drift velocity are developed for application
in certain flow regimes, geometries, fluid parameters or conditions, etc. Much work has been
dedicated towards calculating drift flux parameters at various conditions. In order to develop the
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new correlation that accounts for two-phase flow mechanisms at low flow and low pressure conditions, the
data reported from Clark et al. [4] were utilized which were collected systematically from the well-scaled
8 x 8 rod bundle facility at atmospheric pressure low flow conditions with air and water as working fluids.
The drift velocity was determined for the data by using the correlation by Hibiki and Ishii [6]. Hibiki and
Ishii formulated the drift velocity correlation for large flow channels that spans stagnant to high liquid flow
conditions. A significant attribute of their correlation is that gas velocity, namely void fraction, is used to
appropriately scale the effect of recirculating flow patterns at low flow conditions on drift velocity. The
distribution parameter was then back calculated from Eq. (1) using the drift velocity and the associated data.

Figure 1 shows the distribution parameter values obtained from the low flow and low pressure data [5].
Here the superscript + designates a non-dimensional value by considering bubble rise velocity which is
given by the denominator in Eq. (2).

()= loedo/p2) " (7Y ={i;) ozt p2)" 2)

As shown in Fig. 1, the distribution parameter first increases at low volumetric flux conditions before
exponentially decreasing as volumetric flux increased, and approaches asymptotically to a constant value.
These regions may be characterized by differing two-phase flow structures. The initial increase in the
distribution parameter towards a maximum value, C, max , may be attributed to an increasing concentration

of gas in the high velocity (central) regions of the flow channel and downward liquid flow at the outer
perimeter. On the other hand, increasing the flow rate beyond the conditions for C, max enhances co-

current flow which would effectively decrease the distribution parameter. This decrease approaches a
constant value designated as C - From the data trend, the value of C 1 18 approximately 1.1, which

matches the distribution parameter determined by Ozaki et al. [11] for rod bundles at prototypic conditions.
The mixture volumetric flux condition at which C, max occurs is referred to here as < Jj* >c - As liquid

o

volumetric flux increases, ( J* >C increases, and C, max decreases. These transitions are expected to be
X
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Figure 1. Distribution parameter (a) data and (b) schematic illustration [5].
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Table I. The new drift-flux correlation for rod bundles [5]

()= (e (g 1) ik and v g
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For the new correlation, the distribution parameter was approximated by a linear increasing and exponential
decreasing region as show schematically in Fig. 1 (b). A boundary condition was used to distinguish
between each region as

C for (j7)<(J")e o
. (=0 5

C | Ca for () > ()

As gas volumetric flux degreased to zero, the initial distribution parameter was set to C 0= 1.0. This

represented an even distribution of void fraction over the rod bundle cross section. On the other hand, the
exponential decrease was described using a least squares curve fitting approach.

Cor((J7)) = 1141 8de 100 4)

The transition condition in Fig. 1 was associated with a critical void fraction, <a >m,t , corresponding to a

transition in the two-phase structure. The relationship between critical void fraction and dimensionless
liquid volumetric flux was approximated by

(@), =min(0.0284(j;)+0.125, 0.52) (5)

The relationship between < J* >C - and < ];> was determined by the critical void fraction and the drift-

flux general expression (1) as follows.

(7" Ve e =m{i7)+b (©)
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Finally, it was necessary to scale the distribution parameter based on fluid properties or system pressure.
This was done by incorporating the correlation by Ishii [12]. The new correlation is detailed in Table I.

2.2. Performance Analysis

The drift-flux correlations are compared against the low liquid velocity and low pressure data [4]. A
comparison between the void fractions predicted by the new correlation and the measured values is shown
in Fig. 2(a). Here, there are no distinct biases present in void fraction prediction by the new correlation and
the random error is mostly within the +10% error band.

A comparison between the void fractions predicted by the EPRI correlation [13] and the measured values
is shown Fig. 2(b). The EPRI correlation, also known as the Chexal-Lellouche correlation, was developed
to cover the full range of conditions in rod bundles and implemented in the RELAP5/MOD3 code.
Disagreement is observed between the EPRI correlation and data trends at lower void fractions. This error
may be attributed to the empirical relations of the EPRI correlation not appropriately considering secondary
flow patterns.
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Figure 2. Void fraction prediction error [5]; (a) the new correlation and (b) the EPRI correlation.

3. PURDUE UNIVERSITY ROD BUNDLE TEST ANALYSES

The new correlation is implemented in the RELAP5/MOD?3 code, and numerical analyses were carried out
for the Purdue University rod bundle tests [4] to investigate the applicability of the new correlation to the
RELAPS code. The analysis results are compared with those by the EPRI correlation implemented in the
original RELAPS code.
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Figure 3. Rod bundle test section [4]; (a) cross sectional view and (b) axial view.

3.1. Outline of Purdue University Rod Bundle Tests

Two-phase low flow data were taken systematically from a well-scaled 8 x 8 acrylic rod bundle test facility
at atmospheric pressure with air and water as working fluids [4]. Figure 3 shows the rod bundle test section
as (a) cross-sectional view and (b) axial view. The casing of the rod bundle was made of transparent acrylic
plates in a 140 x 140 mm square duct. The acrylic rods had a diameter of 12.7 mm and a pitch of 16.7 mm.
There were 7 spacer grids located along the length of the test section to limit vibration and simulate spacers
in the prototypic design. The impedance meters 1 — 7 were

located at z/Dy case = 0.7, 9.0, 10.0, 12.2, 13.1, 14.5, and o ioPOLS
21.1, respectively. The seven pressure ports were at the same outlet SNGLIUN 8
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. . 5)
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. . 3)
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)

o — 6
i
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interfacial structure was negligible [4]. The six different
liquid flow conditions utilized were jr = 0.00, 0.10, 0.25, 2

#4

0.50, 0.75, 1.00 m/s. Bundle

domain

PIPE5

3.2. Analysis Methods

®

@

Nodalization for the analyses is shown in Fig. 4. The bundle m
domain was represented by a RELAPS5 pipe component o

divided into 26 volumes. The part of the test section was L
represented by fine node from impedance meters 4 to 6. To vopauN2 ] [ mopaun 4
inject water and air into the bottom of the bundle domain, | TorvoL 1 e | TWpPYOL 2 A
time-dependent volumes and time-dependent junctions were

connected to the bottom of the bundle domain. The injection Figure 4. Nodalization for the
flow rates were controlled so that the liquid and gas analyses.

volumetric fluxes at the measuring position matched those
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of the tests. The injected water and air temperature were the same as the tests. The outlet plenum was
simulated by a single volume. To get a free outflow boundary condition, the time-dependent volume and a
normal junction were connected to the outlet plenum. The pressure was the same as that of the test. Analysis
cases in this study are listed in Table II.

Table I1. Analysis Cases

Series No Measured j Measured jq Measu_red void
' [m/s] [m/s] fraction [-]
Series 1 0.00 0.06—2.12 0.14 - 0.60
Series 2 1.01 - 1.02 0.25-6.33 0.15-0.70

3.3. Analysis Results
3.3.1. Series 1 (js=0.00 m/s, jg = 0.0629 m/s)

Figure 5(a) compares the predicted void fraction profiles by the new and the EPRI correlations for the test
carried out at jy= 0.00 m/s, j, = 0.0629 m/s. When the axial positions become higher, the predicted void
fractions slightly increase. This is because the gas pressures are lower at the higher axial position. In this
sense, the RELAPS code implementing the new correlation makes a reasonable prediction as well as the
EPRI correlation. In Fig. 5(a), the measured void fraction at the position of the impedance meters #4 is also
plotted. The void fraction predicted by the new correlation is within the +10% error band of the measured
value. On the other hand, the void fraction predicted by the EPRI correlation is below the +10% error band
of the measured value.

3.3.2. Series 2 (jr = 1.02 m/s, jg = 6.33 m/s)

Figure 5(b) compares the predicted void fraction profiles by the new and the EPRI correlations for the test
carried out at jr= 1.02 m/s, j, = 6.33 m/s. As is Fig. 5(a), when the axial positions become higher, the
predicted void fractions slightly increase. This case also shows that the RELAP5 code implementing the
new correlation makes a reasonable prediction as well as the EPRI correlation. In Fig. 5(b), the measured
void fraction at the position of the impedance meters #6 is also plotted. Although both the void fractions
predicted by the new correlation and the EPRI correlation are within the £10% error band of the measured
value, the new correlation makes a better prediction than the EPRI correlation.

3.3.3. Void fraction prediction

Figure 6 compares the predicted void fractions by the new and the EPRI correlations, arranged along with
the non-dimensional gas volumetric fluxes. In the case of Series 1 (jy= 0.00 m/s), the new correlation leads
to better agreement with the data than the EPRI correlation. This is because the new correlation
appropriately considers two-phase flow mechanisms in stagnant liquid flow conditions.

On the other hand, in the case of Series 2 (j; ~ 1.00 m/s), there is no significant difference in the void
fraction prediction accuracy between the new and the EPRI correlations. This may be due to the
recirculating flow pattern being diminished at high flow conditions. In fact, as shown in Fig. 1(a), the
increase of the distribution parameter at jr= 1.00 m/s is not so significant compared to that at j-= 0.00 m/s.
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Figure 6. Void fraction prediction (a) Series 1 and (b) Series 2.

4. ORNL/THTF ROD BUNDLE TEST ANALYSES

To investigate the applicability of the new correlation to low liquid flow and high pressure conditions
expected in a small break LOCA, the numerical analyses by the RELAPS code implementing the new
correlation were conducted for the ORNL/THTF void profile tests [8, 9]. The analysis results are compared
with those by the original RELAPS5 code with the EPRI correlation.

4.1. Outline of ORNL/THTF Void Profile Tests

The THTF is a high pressure bundle thermal-hydraulics loop, and designed to produce a thermal-hydraulic
environment similar to that expected in a small break LOCA. Figure 7(a) shows a sectional view of the
THTEF test section. The test section consisted of the bundle domain, shroud box, shroud-plenum annulus,
and test section barrel. The bundle domain consisted of 60 heated rods and 4 unheated rods, their pitches
were 1.27cm. The outside diameter of all heated rods was 0.95cm. These are the same values as typically
used for a 17 x 17 fuel assembly. The heated rods had a heater surrounded by boron nitride, and a stainless
steel sheath outside. The axial void fraction profiles were obtained from differential pressure measurements.
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Figure 7. Rod bundle test section of the THTF [8]; (a) cross-sectional view and (b) pressure

instrumentation.

Figure 7(b) indicates locations of those measurements. The bundle domain was divided into 9 differential
pressure cells along the axis length. The volume average void fractions were obtained at the mid-heights
of the differential pressure cell measurements. As for differential pressure cells including the beginning of

the boiling length, the void fractions were obtained at the mid-heights of the two-phase regions of the

cells.

The void profile tests were started by boiling off water from
the bundle, which was originally filled with water. On reaching
the quasi-steady state, subcooled water was supplied from the
bundle domain bottom in order to compensate for the amount
of transpiration from the bundle domain top, and the bundle
was uncovered partially.

4.2. Analysis Methods

Nodalization for the analyses is shown in Fig. 8. The bundle
domain (simulated heated region only) was divided into
volumes corresponding to the differential pressure cells, so
that the volume center positions became the void fraction
evaluation positions. The differential pressure cells which
included the beginning of the boiling length were also divided
by the beginning of the boiling length. The heated rods and the
shroud box surrounding the bundle domain were simulated as
the heat structure. The fractional heat loss from the shroud box
was evaluated in the tests. In the analyses the heat loss was
simulated assuming that it was axially uniform.
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To inject subcooled water into the bottom of the bundle domain, a time-dependent volume and a time-
dependent junction were connected to the bottom of the bundle domain. The injection flow rate was
controlled so that the collapsed water level of the bundle domain matched that of the test, and the injected
water temperature was the same as the test. To get a free outflow boundary condition, the time-dependent
volume and a normal junction were connected to the top of the bundle domain. The pressure of the top of
the bundle domain was the same as that of the test. Analysis cases in this study are listed in Table III.

Table I11. Analysis Cases

Test No Flu_ids_ Pressure Power

' (gas/liquid) [MPa] [KW/m]
Test 3.09.10J steam/water 4.20 1.07
Test 3.09.10K steam/water 4.01 0.32
Test 3.09.10M steam/water 6.96 1.02
Test 3.09.10N steam/water 7.08 0.47
Test 3.09.10AA steam/water 4.04 1.27
Test 3.09.10BB steam/water 3.86 0.64
Test 3.09.10CC steam/water 3.59 0.33
Test 3.09.10DD steam/water 8.09 1.29
Test 3.09.10EE steam/water 7.71 0.64
Test 3.09.10FF steam/water 7.53 0.32

4.3. Analysis Results
4.3.1. Test 3.09.10J

The analysis results of void fraction profiles for Test 3.09.10J are shown in Fig. 9(a). The difference of void
fraction predictions between the new correlation and the EPRI correlation becomes larger when the axial
positions become higher. This difference can be understood by the relation between void fractions and
steam volumetric fluxes. Figure 10(a) presents the void fractions obtained by applying the new correlation
and the EPRI correlation directly, arranged according to non-dimensional gas volumetric fluxes. Under the
test conditions, non-dimensional steam volumetric fluxes are in the range 0 — 5. For this range, the
difference of void fraction predictions becomes larger when the gas volumetric fluxes become larger. The
void fractions calculated by the new correlation tend to be under-predicted compared with the measured
data. Similar results are obtained for simulations of test 3.09.10M, AA, BB, CC, DD and EE.

4.3.2. Test 3.09.10FF

The analysis results of void fraction profiles for Test 3.09.10FF are shown in Fig. 9(b). In this case, there is
no significant difference of the void fraction prediction between the new correlation and the EPRI
correlation, and both correlations give good agreement with the data. Figure 10(b) presents the void
fractions obtained by applying the new correlation and the EPRI correlation directly, arranged according to
non-dimensional gas volumetric fluxes. Using the test conditions, non-dimensional gas volumetric fluxes
are in the range 0 — 1. For this range, there is no significant difference between the correlations, and both
the correlations lead to similar results and give good agreement with the data. Similar results are obtained
for simulations of tests 3.09.10K and N.
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Figure 10. Void fractions obtained by applying the new correlation and the EPRI correlation
directly (a) Test 3.09.10J and (b) Test 3.09.10FF.

4.3.3. Void fraction prediction

Figure 11(a) compares the predicted void fractions by the new correlation and the EPRI correlation versus
the void fractions measured in the ORNL/THTF tests. The void fractions obtained using the new correlation
are under-estimated for most of the cases. Figure 11(b) shows the drift flux plane. The gas velocities

predicted by the new correlation tend to reach those by the EPRI correlation when system pressures increase.

This tendency indicates that the new correlation developed under low flow atmospheric pressure air/water
conditions is less accurate for low flow high pressure steam/water conditions.

5. DISCUSSION

Figure 12 shows the behavior of the new correlation as it is scaled to the typical BWR pressure, P =7 MPa,
and PWR pressure, P = 15.5 MPa, reproduced from figures in [5].
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Figure 11. All cases (a) void fraction prediction (b) gas velocity prediction. Open symbols represent
the data obtained by the tests conducted under pressures of about 4.0 MPa, while filled symbols the
data by the tests under pressures of about 7.5 MPa.
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Figure 12. Behavior of the new correlation at plant-scale conditions [5]; (a) j+ =0.00 m/s and (b)
j+ = 1.00 m/s. Values obtained with the correlation of Ozaki et al. [11] are also plotted.

As pressure increases, the distribution parameter becomes relatively constant and approaches the value of
the Ozaki et al. [11] correlation, which was developed with regard to primarily high pressure data.
However, there remains a difference between them, which may be because the distribution parameter C

of the new correlation does not properly scale the physical effects under high pressure conditions. The
new correlation needs improvements in order to scale the pressure effects appropriately.

6. CONCLUSIONS

Existing drift flux correlations for rod bundles may have placed priority on use in high pressure and high
liquid flow conditions because these are more representative of a prototypic power plant. Therefore,
recirculating flow patterns which may occur at low pressure and low flow conditions have not been
previously considered for drift flux model in rod bundles. However, it may be important for a rod bundle
drift flux correlation to consider these two-phase flow mechanisms because, for instance, low flow and low
pressure conditions are relevant for a LOCA or a loss-of-RHRS event during mid-loop operation.
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In this study, a new correlation was implemented in the RELAP5/MOD3 code, and the void fraction
prediction performance was compared with the EPRI correlation which was installed in the original
RELAP5/MOD3 code. Numerical analyses carried out for the Purdue University rod bundle tests showed
that the results obtained using the new correlation were in good agreement with the test data and represented
an improvement over those obtained from the EPRI correlation. Numerical analyses carried out for the void
profile tests in the THTF at ORNL showed that the new correlation developed under low flow atmospheric
pressure air/water conditions was less accurate for low flow high pressure steam/water conditions. The
distribution parameter of the new correlation needs improvements in order to scale the pressure effects

appropriately.
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