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ABSTRACT

In the two-fluid transport model, the coupling of mass, momentum and energy transfer between phases is
highly dependent on interfacial area transfer terms. Several research efforts in the past have been focused
on the development of an interfacial area transport equation model (IATE), in an attempt to eliminate the
drawbacks of static flow regime maps currently used in best-estimate thermal-hydraulic system codes.
The IATE attempts to model the dynamics that are involved in two phase flows by accounting for the
different interaction mechanisms affecting bubble transport in the flow.

The further development and validation of IATE models has been hindered by the lack of adequate
experimental data, especially in regions beyond the bubbly flow regime for large diameter pipes. At the
Helmoltz Zentrum Dresden Rossendorf (HZDR) experiments utilizing wire mesh sensors have been
performed over all flow regimes, establishing a database of high-resolution (in space and time) data [1]. A
195 mm diameter pipe with a 64 by 64 wire mesh sensor is utilized in the air-water experimental database
used in this work. Analysis of flow conditions in the bubbly flow and churn-turbulent flow regimes is
presented.

The performance of the current two-group IATE model is evaluated. While the qualitative propagation of
interfacial area is predicted sufficiently well, there is a discrepancy in magnitude between the model’s
prediction and the experimental results. Overall, the study suggests that differences exist in the incidence
of interaction mechanisms between small and large diameter pipes and further efforts are needed in order
to extend the range of validity of current IATE models.
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1. INTRODUCTION

The two-fluid transport model is widely used in state of the art thermal-hydraulic system codes. A
complete description of two phase flow is achieved through the two fluid model, which models the gas
and liquid phase separately. There are three transport equations for each phase, resulting in six transport
equations. The two fluid model is more accurate for transients where flow conditions are rapidly changing
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and non-equilibrium field values exist for the phases. For example, the time lag of energy transfer at the
interface may cause temperature difference between the gas and liquid phase. However, several closure
relationships are needed for the interfacial transfer terms which couple the transport equations. As
described by Ishii and Kim [2], these terms can be expressed by Eq. (1).

(Interfacial Transfer Term) « a; - (Driving Force) (1

In Eq. (1), a; represents the interfacial area concentration. Thus, as the interfacial transfer terms couple
the two phases, the importance of being able to correctly predict interfacial area concentration is apparent.
Since the one-group and two-group interfacial area transport equation (IATE) was derived by Ishii and
Kim [2], several experimental efforts have focused on validation.

Recent efforts have involved the use of conductivity probes in various two-phase flow test facilities. The
1-group IATE model was benchmarked against two-phase flow data for a small diameter pipe by Talley
[3]. It was found that the for a small diameter pipe (5.0 cm), the 1-group model had lackluster
performance for bubbly flow — the most rudimentary flow regime. The study also stated that further
experiments involving large diameter pipes were necessary.

Another study by Bernard et al. [4] employs the two-group IATE model in TRACE as an alternative to the
static-regime flow map approach. The study finds that implementing the two-group IATE model
decreases error in interfacial area concentration prediction from +42% to £19%, for experiments with a
small diameter pipe (4.83 cm). The study concluded that “additional database containing data near slug to
churn-turbulent transition and fully churn-turbulent two-phase flow conditions will be invaluable”. A
primary reason for this conclusion is due to constrained capability of the conductivity probe. The
uncertainty associated to measurements of the interface orientation (and thus interfacial area
concentration) using conductivity probes can be rather high in churn-turbulent and annular flow regimes
as the majority of the interface would be parallel to the probe.

A study by Smith et al. [5] used the two-group IATE model for large diameter pipe (15.2 cm) experiments
using the conductivity probe. The results indicated poor performance of the two-group IATE model, with
some errors as large as 50%. Similar to the previous studies mentioned, Smith et al. also concluded that
additional experimental database for large pipes was necessary. To address these short comings, a
mechanistic model was proposed specifically for large diameter pipes by Smith et al. [6]. While the model
was successful for pipes D < 0.10 m, greater than 15% error was realized for D > 0.10 m at void
fractions greater than 0.3.

The objective of this study is to assess IATE performance against a high resolution experimental database
that covers a wide range of two-phase flow regimes. The experimental database is obtained from the
TOPFLOW facility at Helmholtz-Zentrum Dresden-Rossendorf [1]. The TOPFLOW facility has a vertical
8 m long, 195 mm diameter, test section that has a fixed position wire mesh sensor. The wire mesh sensor
enables void fraction distributions to be captured at a high resolution and high frequency (TOPFLOW is
fitted with a 64 by 64 array with a bi-directionally equidistant spacing of 3 mm that is operated at a
frequency of 2.5 kHz).

The void fraction measurement capabilities of the wire mesh sensor have been compared to ultra-fast
X-ray tomograph by Prasser et al. [7]. The study indicated good agreement between the two instruments
and lauded higher resolution (in time and space) capabilities of the wire mesh sensor. Furthermore, the
performance of the wire mesh sensor versus the conductivity probe was studied by Manera et al. [8]. The
interfacial area detected for viable flow regimes had good agreement. However, the wire mesh sensor
provides several benefits. Since the data is acquired at a high spatial resolution, the duration of the
experiments is significantly reduced (approximately 10 seconds of measuring for a test point versus
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several hours for the conductivity probe). There are qualitative benefits that the wire mesh sensor
provides — the acquired data provides a full reconstruction of the experiment allowing 3D visualization.
Furthermore, the ability to gather accurate two-phase flow data in any flow regime is invaluable. The
next section introduces relevant information regarding the experimental setup of the TOPFLOW facility
and usage of the two-group IATE model.

2. BACKGROUND

A visual of the 8 m test section is provided on the left hand side of Figure 1. There are five major
injection hubs that are located at exponentially increasing distances from the wire-mesh sensor. Each hub
consists of three discs of radially isometric orifices. There are two discs that have 1 mm injection orifices
(located at the top and bottom of each major hub). There is one disc that has 4 mm injection orifices
(located in the middle of each hub). Each disc is able to operate individually or in conjunction with others.
The rate at which water and air are injected are varied in order to achieve different flow regimes. The
absolute pressure at the air injection is set at 0.25 MPa for each test point. As the pressure of air injected
remains constant, but the injection location varies axially — the stationary wire-mesh sensor essentially
records the axial development of two-phase flow over 8 m. The right hand side of Figure 1 displays the
various tests conducted and are color coded to indicate flow regimes observed.
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Figure 1: Schematic of the large diameter pipe used in TOPFLOW with indications of several
injection points and location of the wire-mesh sensor (left) and experimental test matrix (right) [1].

2.1 IATE Interaction Mechanisms

In Section 3, the computational results are generated from TRACE-T (a developmental version of
TRACE v5.0 p3 [3]). The two-group IATE model is implemented in TRACE-T. The two-group model
was pioneered by Ishii and Kim [1] and focuses on separating spherical and non-spherical bubble shapes.
The idea stems from the fact that there are significant differences in bubble interaction mechanisms and
drag coefficients depending on the shapes of bubbles. While the one-group IATE model considers
spherical bubbles only and is therefore is constrained to bubbly flows, the two-group model is meant for a
broader range of flow regimes. The two-group formulation accounts for spherical and non-spherical
bubbles by taking into consideration differences in bubble interactions and drag coefficients for each of
the two groups. Figure 2 presents the equations for the two-group model. The left hand side of the
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equation accounts for temporal and convective interfacial area (a;) changes. The right hand side of the
equation accounts for bubble volume changes (due to pressure drop) and the source and sink terms due to
various interaction mechanisms (¢). Other variables and constants are detailed in the nomenclature.
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Figure 2: Two-group IATE model.

Figure 3 illustrates the various interaction mechanisms that are taken into consideration in two-group
IATE. It is important to highlight that in the two-group IATE model, each separate interaction has a
coefficient of proportionality (e.g. the random collision mechanism will require four coefficients). The
coefficients are obtained empirically. Previous studies [9] determined these coefficients using
experiments with smaller diameter pipes (about 50 mm). As indicated in the more recent studies cited in
Section 1, validation of two-group IATE models for large diameter pipes has been hindered by a lack of
experimental data.
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Figure 3: Interaction mechanisms modeled in two-group IATE. Green color indicates a group 1
bubble and yellow color indicates a group 2 bubble [10].

Detailed explanation for each mechanism can be found in [10]. Various formulations of the mechanisms
and recommended values for the model coefficients exist; the model developed by Fu and Ishii [11] is
used for the TRACE-T results presented in this paper. Although the Fu and Ishii model was not
specifically developed for large diameters pipe, this model is deemed sufficient for the present analyses to
highlight the role of the different break-up and coalescence mechanisms on the prediction of the
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interfacial area density, especially in view of the fact that recent efforts on extending the models for pipe
diameters larger than 10 cm have not yet been successful [6].

Two mechanisms that are prevalent in the results presented are briefly highlighted: wake entrainment and
shearing-off. The wake entrainment mechanism occurs when a bubble enters the wake region of a leading
bubble. The trailing bubble may accelerate and collide with the leading bubble resulting in coalescence.
The collision frequency due to the wake entrainment mechanism is calculated by considering the density
of bubbles in the wake region of the leading bubble. Shearing-off is a complex mechanism that arises for
large bubbles. It is one of the least understood mechanisms. It occurs for large bubbles that form a skirt at
the base of the bubble. The phenomenon is thought to occur because of disruptive viscous forces pulling
at the rim of the skirt, overwhelming the local cohesive surface tension.

A closer look at the regimes observed in Figure 1 indicates that the slug flow regime, found in vertical
two-phase pipe flow, is omitted. The reason for this omission is due to the fact that slug flow regime does
not exist in larger test section diameter, with bubbly/cap flow transiting directly to churn flow regime.
Prasser et al. [12] studied the differences in void fraction and bubble size distributions between a 51.2 mm
and 194.1 mm diameter pipe, presented in Figure 4. In a small diameter pipe, the onset of slug flow is
realized by a second peak in the bubble size distribution. In larger diameter pipes, this peak is less
pronounced and wider. With accompanying qualitative observations, the slug flow regime was no longer
present as the flow transitioned directly from bubbly to churn turbulent flow. This phenomena was
explained by suggesting that the decreased confining action of the wall allowed bubbles greater
movement and deformation. The unique regime transition will impact the IATE models for large diameter

pipes.
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Figure 4: Comparison of bubble size distributions between a small and large diameter pipe for
jg=0.53m/sand jy = 1m/s [12].

3. RESULTS

In this section, key results will be presented in differing flow regimes. In the proceeding graphs, the
discrete data represents experimental interfacial area concentration data from the TOPFLOW database,
including error bars of £10% error. A companion paper [13] addresses the error that is introduced by the
algorithm required to determine interfacial area from void fraction data obtained from the wire mesh
sensor. In the paper the error for spherical and Taylor bubbles remains below 5%. However, in order to
account for additional uncertainty arising from estimation of bubble velocities, a conservative range of
10% is chosen.
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The continuous data are results from TRACE-T, using the Fu and Ishii IATE formulation [11]. The color
code is used to distinguish between different injection orifice sizes (red for 1 mm injection orifices, and
blue for 4 mm injection orifices).

Two tests from the bubbly flow regimes are presented in Figure 5. TRACE-T performs fairly well for the
1 mm orifice injection, falling within or close to the 10% error bar range. The model performance for 4
mm injection in the bubbly regime is however not always consistent (poor for Test 6, good for Test 8).

In general, good agreement is obtained at high liquid and low gas superficial velocities. However, the
current model performance deteriorates significantly with increasing gas superficial velocity and
decreasing liquid superficial velocities, as shown also in the results of Figure 6 (4 mme-orifices tests).
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Figure 5: TRACE-T results for Test 6 (left) and Test 8 (right).
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Figure 6: TRACE-T results for Test 39 (left) and Test 41 (right).

In order to understand the reasons for the discrepancies occurring at lower superficial liquid velocities, the
predicted interfacial area source contributions along with the experimental void fraction distribution and
bubble size histograms are analyzed. Figure 7 presents the source contributions for Test 39 and Test 41.
Bubble expansion is the only dominant effect for the interfacial area propagation in Test 41, while all
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other interactions have little impact. Bubble expansion is also prevalent in Test 39, however both wake
entrainment and shearing off mechanisms are large contributors as well.

The fact that TRACE-T is underestimating the interfacial area for Test 39 (see Figure 6, left) is an
indication that the model is over-predicting bubble coalescence, and under-estimating bubble break-up.
Wake entrainment is the only coalescence mechanism contributing to the propagation which infers the
coefficients for wake entrainment are incorrectly calibrated for a large diameter pipe. Past experiments
may find greater incidence of the wake entrainment mechanism as small diameter pipes and bubbly flow
at lower superficial liquid velocity are favorable to it. However, in a large pipe there is less confinement
and greater movement available to the bubbles. This result indicates that the incidence of the wake
entrainment mechanism in large diameter pipes is over-predicted. The possibility that, in addition, the
shearing-off mechanism is underestimated will be discussed further in section 3.1.
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Figure 7: TRACE-T source contributions for Test 39 (left) and Test 41 (right).

The assertion that Test 39 (4 mm orifice injection) is break-up dominated is further supported by

analyzing the void fraction distribution and bubble size histogram presented in Figure 8. The void fraction

distributions indicate that the bubbles disperse throughout the flow cross-section, migrating from the pipe
wall toward the center of the pipe, for increasing L/D from the injection location along the pipe axis. The
bubble size distributions indicate that as the flow develops, the larger bubbles (D > 15 mm) undergo
break-up resulting in a more prominent and narrow size distribution peaked at a diameter of about

D = 7.5 mm.

It is interesting to note that for Test 41, for which good performance of the TRACE-T model is observed,
the bubble size distribution remains mostly unchanged with increasing L/D (see Figure 9, right)

confirming that the dominance of the sole bubble expansion effect is reasonable for this test. However, for

decreasing liquid superficial velocity (Test 39), a significant bubble break-up is observed, as the bubble
size distribution shifts toward lower diameters with increasing L/D (see Figure 8, right).

As mentioned in Section 2.1, the interaction mechanisms have coefficients that are determined
empirically, with the exception of the bubble expansion mechanism, which is solely due to the pressure
changes in the flow. These results further indicate that the coefficients that have been previously
established require separate consideration for large diameter pipes.
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Figure 8: Experimental radial void fraction distribution (left) and bubble size histograms (right) for
Test 39; the y-axis labels indicate L/D for the corresponding graph.
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Figure 9: Experimental radial void fraction distribution (left) and bubble size histograms (right) for
Test 41; the y-axis labels indicate L/D for the corresponding graph.

Results that have been discussed thus far have focused on the bubbly flow regime. Figure 10 presents
results for Test 83 and Test 85, which are on the onset of the churn-turbulent flow regime. At the
significantly higher superficial gas velocities, the experimental data indicates that the resulting interfacial
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area is increasingly independent on the injection orifice size. TRACE-T performs poorly for all tests in
the churn-turbulent regime (here we present only Test 83 and 85 for conciseness). Similar to Test 39

(4 mm orifice), the interfacial area is strongly under-predicted. Both the qualitative propagation of
interfacial area and magnitude are incorrect. Figure 11 presents the source contributions as predicted by
the model. Bubble expansion continues to play an important role, however, as discussed previously, this
interfacial area source is expected to be accounted for appropriately.

Both Test 83 and Test 85 have two dominating interaction mechanisms, shearing off and wake
entrainment. Reviewing the void fraction distribution and bubble size histograms, presented for Test 83 in
Figure 12, will aid in determining which mechanisms dominated the flow. Both the void fraction
distribution and bubble size distribution also appear to be independent of orifice size. The evolution of the
bubble size histograms indicate that the initial large bubbles tend to break up and result in generation of a
prominent peak at the low end of the bubble diameter spectrum. Again, this indicates that for large
diameter pipe coalescence mechanisms such as wake entrainment are over-predicted and require

reassessment.
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Figure 10: TRACE-T results for Test

83 (left) and Test 41 (right).
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Figure 11: TRACE-T source contributions for Test 83 (left) and Test 85 (right).

NURETH-16, Chicago, IL,

August 30-September 4, 2015

441



1 mm Orifice 4 mm Orifice 1 mm Orifice 4 mm Orifice

127 226
|

|
|
|
__1340 5 __2249 .
{ [

< ~ sl

~ = ]
L..‘ ke o .

A = 4 =0 80 £ ~H % W W W & S & ™ o W

T 1

0 s} i @

o, o
e . R

Th < s
. o

" 10 2 W & % & 7m0 00 oW m ® 0 = & ™ & w e e m m w ® w m w ® Tl m m o ®m @ M m W
R [mm] R [mm] D [mm D [mm]

Figure 12: Experimental radial void fraction distribution (left) and bubble size histograms (right)
for Test 83; the y-axis labels indicate L/D for the corresponding graph.

3.1 Sensitivity of two-group IATE model

Referring back to the discussion of Test 39 (4 mm orifice), it was concluded that the wake entrainment
mechanism was overestimated. Figure 13 presents TRACE-T results when the wake entrainment
mechanism is nullified. It is apparent that there is still a discrepancy between interfacial area prediction
and experimental data.
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Figure 13: TRACE-T results (left) and source contributions (right) for Test 39 with wake
entrainment coefficients nullified.
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In order to further improve results for Test 39 (4 mm orifice) the shearing-off coefficient was increased to
8 times its original value of 0.03. The results are presented in Figure 14 (due to numerical instabilities
experienced at L/D > 25, the results are truncated). Improvements in the magnitude and qualitative
propagation of the interfacial area is promising. However, a comprehensive analyses of all available
experimental data is still necessary.
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Figure 14: TRACE-T results (left) and source contributions (right) for Test 39 with Wake
Entrainment coefficients nullified, 800% shearing off coefficient.

Test 83 also resulted in a large discrepancy in TRACE-T results (Figure 10). Figure 15 presents
interfacial area propagation for TRACE-T when the wake entrainment coefficients are nullified and the
shearing off coefficient is 500 times its original value (due to numerical instabilities experienced at
L/D > 14, the results are truncated). Similar to the improvements realized for Test 39, the qualitative
propagation and magnitude of interfacial area improves significantly. However, the shearing off
coefficient required a significantly larger increase than that of Test 39. This can be interpreted as an
indication that there might be additional break-up mechanisms currently not considered in the IATE
model, and which become important in the churn-turbulent flows in large diameter pipe.
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Figure 15: TRACE-T results (left) and source contributions (right) for Test 83 with wake
entrainment coefficients nullified, 50,000% shearing off coefficient.
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A recent paper by Liao and Lucas [14] reviewed models for bubble break-up processes. In addition to the
three break-up processes presented in Figure 3, break-up can occur due to viscous shear forces. This
mechanism occurs as viscous shear forces cause a local velocity gradient around the interface and deform
the particle, leading to a break up. The velocity gradient can be instigated by turbulence or wake effect of
other particles. This mechanism is not considered in the model implemented in TRACE-T and may play a
significant role in large diameter pipes. However, literature supporting the phenomenological relations for
viscous shear force break-up solely contains experiments that study simple shear flow. Further
examination of experimental data is needed to determine average break-up time and frequency in vertical
two phase flows for implementation in the two-group IATE model.

4. CONCLUSIONS

The study indicates that current mechanisms and coefficients for the two-group IATE model are not
suitable for a majority of two-phase flow regimes in large diameter pipes. TRACE-T using the Fu and
Ishii model performed fairly well (approximately 10% error) for bubbly flows with low superficial gas
velocity and high liquid superficial velocities. The success in this low turbulence regime owed to the fact
that bubble expansion (which solely depends on pressure drop, not empirical coefficients) was the driving
mechanism for the interfacial area propagation. As the superficial gas velocity increases, the model
incorrectly predicts that the wake entrainment mechanism has a large impact on the interfacial area
propagation. Through the bubble size histograms obtained from the wire mesh sensor, it was evident that
break-up mechanisms were dominating the flow development. While the wake entrainment mechanism
may dominate the flow in a small diameter pipe where the wall confinement plays a major role, there is
more freedom to disperse in a large diameter pipe. Also, the interaction between bubbles and large eddies
in churn turbulent flows seems to not be well captured neither by the turbulent impact breakup model nor
by the shearing off model.

Further considerations are needed to accommodate for the fact that the two-group IATE model may be
lacking interaction mechanisms (such as break-up due to viscous shear forces) or under-estimating the
importance of mechanisms that are more prominent in large diameter pipes.

NOMENCLATURE
Variable Definition
aj; Group 1 interfacial area concentration
aj; Group 2 interfacial area concentration
a, Group 1 void fraction
a, Group 2 void fraction
Vi Group 1 interfacial velocity
Viy Group 2 interfacial velocity
Vg1 Group 1 gas velocity
Vg Group 2 gas velocity
Nph Volume introduced by phase change
C Bubble shape distribution parameter
D, Critical bubble diameter
Dy Group 1 Sauter-mean diameter
J D Group 2 Sauter-mean diameter
b Group 1 interaction mechanisms

NURETH-16, Chicago, IL, August 30-September 4, 2015 444



b2 Group 2 interaction mechanisms

o1 Group 1 source/sink due to phase change
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