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Abstract

The existing evidence clearly shows that the physical phenomena governing gas/liquid two-
phase flows are quite complicated even in the case of smooth conduits and simple geometries.
Needless to say, the development of experimental, analytical and computational methods for
predicting such flows in complex geometries is a much more complicated and challenging task.
A configuration of interest to a broad range of industrial applications, including nuclear reactors,
deals with the flow of two-phase mixture along the channels formed between narrow arrays of
multiple parallel cylindrical elements (tubes or rods). The alignment of such elements is
normally accomplished by installing spacer grids placed at regular distances along the flow. The
presence of spacers actually affect flow conditions, including the velocity field, pressure drop,
heat transfer and, in the case of two-phase flows, phase distribution.

The objective of this paper is to present a comparative analysis of the results of a combined
experimental, theoretical, and computational study of phase distribution around and downstream
from complex-geometry spacer grids with split-vane type mixing devices. The main emphasis
has been given to the analysis of the effect of proper interpretation of the experimental data on
the modeling consistency, the understanding of uncertainties and limitations associated with the
results of multidimensional computer simulations performed using mechanistic modeling
principles based on an average bubble size.

Keywords: Rod Bundle with Spacer Grids, Gas/Liquid Flow, Void Fraction Measurements with
Wire Mesh Sensor, Multi-field Model, Experimental Model Validation

1. Introduction

Whereas the main purpose of using spacer grid in parallel-rod bundles is to assure that proper
alignment is maintained between the neighboring rods, their potential impact of flow and
temperature fields, as well as on phase distribution provides an excellent opportunity for the
optimization of system performance by appropriate designs of spacer geometry. One such design
concept deals with the addition of mixing vanes. A typical geometry of a rod bundle with a split-
vane spacer grid is shown in Figure 1. Neighboring vane pairs are alternated in orientation to
promote cross-flow between subchannels. Similar geometries are used in a variety of both single-
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phase and two-phase systems in general, and pressurized water nuclear reactors (PWR) in
particular.

(a) Standard vane arrangement (b) Isometric view
of rod bundle geometry

Figure 1. Rod bundle spacer grids used in this study.

The complexity of spacer geometry makes it very difficult to capture details of the highly-
localized swirl flow and mass redistribution downstream from the spacer. The majority of both
experimental and computational studies performed to date have been limited to single-phase
flows (Karoutas et al., 1995; McClusky et al., 2003; Holloway et al., 2005; Dominguez
Ontiveros, 2012, Conner et. al, 2016, Nguyen and Hassan, 2017, Busco and Hassan, 2018, Busco
et al, 2019), so that the impact of the spacer on void distribution in two-phase flow is not fully
understood.

One of very few experimental investigations addressing the effect of spacer grids on two-
phase flow was conducted by Ylonen (2013) using the SUBFLOW facility at Paul Scherrer
Institute in Switzerland. Whereas the results of the study have demonstrated that the wire-mesh-
sensor-based measurement technique is capable of capturing local distribution of void fraction
around spacers, the very nature of this technique is inherently associated with several sources of
potential uncertainties. Nevertheless, when properly interpreted, the SUBFLOW experimental
data should become a very useful source of reference for model validation.

Typical model-validation efforts normally focus on either comparing a fixed-parameter
model against specific experimental data or adjusting selected parameters or modeling
assumptions to best match such data. The former approach have been applied to selected
SUBFLOW results by Goodheart et al. (2014) using the commercial CFD code, STAR-CCM+. A
common feature of both approaches is the implicit assumption that the results of measurements
are the unique true values. Since this is normally not the case in two-phase flow systems, as
experimental uncertainties can be quite large, a complete assessment of models predictive
capabilities requires that a comprehensive understanding of the combined experimental and
modeling uncertainties be achieved.

The objective of this paper is to present the results of such an analysis using as a reference the
flow data of Ylonen (2013). Two different processing methods for the same experimental data
are presented in the first part of the paper, and the resultant differences are analyzed from the



perspective of measurement uncertainties. The second part of the paper gives a description of a
Computational Multiphase Fluid Dynamics (CMFD) model used in the computer simulations of
the SUBFLOW experiments. A comparison between the predictions and data is shown in the last
part of the paper, including a discussion of the combined experimental and modeling
uncertainties and of their interpretation in the assessment of model’s consistency and accuracy.

2. SUBFLOW Facility

The SUBFLOW facility at the Paul Scherrer Institute (PSI) has been designed to investigate
complex flow phenomena in rod-bundle flows. The acrylic-rod bundle created 4 x 4
interconnected subchannels that were subject to two-phase flow. As it can be seen in Figure 2,
the bundle model represents a sub-bundle geometry cut out of an undisturbed rectangular lattice
of rods, whereby the cut is performed along lines through the subchannel gaps where a minimum
of unrealistic no-slip boundary conditions is added. The result is a geometry consisting of 3 x 3
full cylindrical rod simulators, 3 x 4 half-cylinders at the edges of the sector and 4 quarter rods in
the corners. In the sum, these rod simulators thus represent 3 x 3 +4x3/2+4x1/4=16=4x
4 full rods. The working fluid entered the facility shown in Figure 3 from the bottom and exited
it from the top. The bubbles were injected in the center of each individual subchannel using 16
collocated air-capillary outlets. The wire mesh sensor (WMS) has been located 1,915 mm from
the inlet. A partial spacer has been installed 912 mm upstream of the wire-mesh sensor on the
outer rods to provide extra structural support (details can be found in Ylonen et al. (2011)).
Figure 2 shows a lateral view of the 4 x 4 channel rod bundle with the spacer grid.

The experiments with spacer grids used a movable spacer with split-vane type mixing vanes
that was held in place by fixing pins that could be removed from the outside, after which the
spacer grid could be moved magnetically in 50 mm increments when the flow is off. Dimensions
of the spacer grid have been taken from the paper of Navarro and Santos (2009). The data was
recorded at four different spacer locations, which correspond to the distance from the top of the
spacer to the WMS. The nominal conditions for the experiments with spacer grids are outlined in
Table 1. The measurements without spacer grids are assumed to be close to a fully-developed
flow condition in the rod bundle.
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Figure 2. SUBFLOW rod bundle and spacer geometry.
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Figure 3. SUBFLOW facility schematic, reproduced from Ylonen, 2013 (Units are mm).

Table 1.Two-phase flow experimental flow rates (Y1onen, 2013).

Case | ji[m/s] | jv[m/s] | B=j/Gitjv) [-] Re
I-1 0.008 0.010

1-2 0.8 0.020 0.024 26740
1-3 0.039 0.046

2-1 0.008 0.007

2-2 1.2 0.020 0.016 40110
2-3 0.039 0.031

3-1 0.008 0.005

3-2 1.6 0.020 0.012 53480
3-3 0.039 0.024




2.1. Wire Mesh Sensor

The measurements made in these experiments were taken with a pair of two-layer wire mesh
sensors which uses the local conductivity of the fluid at the crossing points of the wires to
determine parameters such as void fraction and bubble velocity. The data reduction of the raw
measurements can introduce slight uncertainties that will be discussed in Section 2.3.

The sensor operates at 2.5 kHz, which allows for a high time resolution. The WMS was made
of wires that were threaded through the rods to cover the cross-section of the subchannel with a
dense matrix of measuring positions. The crossing points of wires within the acrylic rods were
ignored during post processing. The 64x64 grid of wires with a pitch of 2.125 mm provided
2,304 unique measurement locations within the flow area of each layer. In each of the 16
subchannels, a matrix of 16x16 grid points was accommodated, from which 144 were fully
outside the cross-sections of the rods. The applied pitch only allows a bubble to be recognized
with a minimum diameter of about 2 mm. The two wire sensors were placed 15 mm apart from
one another in order to get a reasonable distance with minimal errors for the time-of-flight
calculations used for the bubble velocity measurements.

The pair of two-layer sensors allows for the evaluation of bubble velocity when the two
signals are cross-correlated. While it has been well documented that the first sensor may cause
bubble fragmentation and other disturbances, the signal recorded by the first sensor is consistent
with information obtained by high-speed camera imaging (Prasser et al., 2016) and still
represents the structure of the two-phase flow before the sensors. Furthermore, WMS
measurements of void fraction and bubble size have been shown (Prasser et al., 2005) to be
consistent with data measured with ultra-fast X-ray tomography. More details on this specific
sensor have been discussed by Ylonen (2013).

2.2. Air Injector

The air injector used in the SUBFLOW facility was specifically designed for this experiment
based upon previous investigations (Milenkovi¢, 2005). The injector has 16 water tubes with
coaxial air capillary outlets that inject bubbles into the liquid flow at the center of each
subchannel which is controlled by volumetric flow rate (schematic of injector is shown in
Ylonen, 2013). A secondary liquid flows in an annulus outside the air capillary. Varying the rate
of secondary liquid flow allows the control of the bubbles conditions injected into the test
section. An increase in the secondary flow rate, while keeping the airflow constant, increases
bubble departure frequency and decreases bubble size. For the measurements in this experiment,
this flow rate was kept constant at 1000 I/hr (62.5 I/hr per channel). The secondary liquid flow is
taken from the primary liquid flow in order to keep the total liquid flow consistent.

The SUBFLOW experiments (Y1onen, 2013) show that higher airflow cases have a larger
spread of bubble sizes as the standard deviation of bubble sizes increased. Therefore, only the
cases with smaller airflow rates exclusively exhibit small bubbles near the walls of the
subchannels.

It is important to notice that there is no control of bubble size once the bubbles have left the
air injector. Whereas in principle, larger bubbles may experience breakup and/or coalescence as
along the flow, the impact of such phenomena was apparently very small in both the bare
SUBFLOW bundle and downstream from the spacer since the void fraction was very low. At the



same time, the spacer grids have caused a significant bubble breakup. Details in this regard,
including the impact on the accuracy of model’s predictions, are discussed in Section 5.

2.3. Data Processing

As it was earlier stated, raw local conductance readings must be post processed into void
fraction and bubble velocity data. Bubble identification algorithms are used detect bubbles and
determine their diameter, which allowed for the calculation of population statistics. A theoretical
study of the uncertainty of this data reduction method was presented by Prasser and Hifeli
(2018) who applied potential field simulations to predict the response of the wire-mesh sensor to
a passage of a gas bubble. As a result, a new data processing method was proposed. The
differences between the newer methods and those used by Ylonen (2013) will be shown here.

The pitch of the wires used in the experiment, i.e., 2.125 mm, is used as a frame of reference
for converting the crossing point indexes to x and y coordinates. The measurement frame index
(instance in time), k, and the frequency of the system convert to the time of measurement as
shown here

. . k
x=ilx y=jAy t=klit,  =—— (1)
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The methods used by Ylonen (2013) converts the measured conductance into a local
instantaneous void fraction using a calibrated conductivity of plain water and the conductivity of
gas assuming a linear relationship as shown below
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where the simplified form sets the conductivity of the gas to be zero. Furthermore, deviations
from the liquid conductivity lower than 10% have been filtered out as disturbances of that size
could be attributed to electrical noise. The filter is applied by checking the six neighbors of all
void fraction values lower than 10%. If a neighbor has a void fraction above 10%, it is assumed
to be part of a bubble and the contribution is meaningful. If none of the neighbors has a void
fraction above 10%, it is assumed nonphysical and the value is set to zero. Negative local
instantaneous void fraction values below zero were corrected to zero as it was assumed that
negative values lack physical meaning. The method will hereinafter be referred to as the “linear
cut” method. In reality, this procedure could have resulted in neglecting some signals caused by
the actual bubbles.

Two-dimensional distributions of the time averaged void fraction is found by a simple
averaging over all measurement frames, k, in the 20 second run, which gives a void fraction data
point for each lateral location in the flow, given by
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This averaged void fraction is most interesting for the steady-state RANS CFD validations
reported in Section 5.

Ylonen (2013) used a separate calibration run of pure demineralized water to determine the
conductivity of water. This methodology could introduce uncertainties if the air/water mixture
changed the baseline of conductivity throughout the course of the run. For the interpretation of
the experimental data presented in this paper, calibration has been completed for each run using



the probability distribution functions (PDF) of the conductance calculated individually for every
position within the measuring matrix of sensor. The conductivity of plain water was found by a
search of the maximum of each individual PDF. This approach delivers valid calibration data as
long as a low-void bubbly flow is present, with large periods of the presence of the liquid phase
between gas bubbles. This allowed one to extract a more representative average liquid
conductance during the multiphase run.

As it has been mentioned before, Prasser and Hifeli (2018) have tested the “linear cut”
method with the help of potential field calculations. They have shown that an omission of the
conductance overshoots leads to an overestimation of bubble size and void fraction. At a crossing
point between the transmitter and receiver wire (which is close to another crossing point,
partially covered by the liquid phase) the measured conductance may exceed the conductance
sampled during calibration with plain liquid. This excess conductance is due to a breaking of the
symmetry in the electrical potential field around the wires present before the incidence of gas-
liquid interface. The resulting overshot is equivalent to an apparent negative void fraction, which
reflects a real excess of liquid that is not accounted for in the partially filled measuring location.
It can be accounted for by using a “no cut” method, where the negative void fraction values are
included in the averaging and thus reduce the integral void fraction according to the quantity of
excess liquid. This has been shown to be more representative of the true void fraction and the
true bubble volume.

The “no cut” approach requires the redistribution of the excess conductance from cells with
an overshot to neighboring cells with a deficit due to the mentioned symmetry breakage. This
was done by shifting the excess conductance to the neighboring cell with the lowest conductance
thus with the highest local instantaneous void fraction. If this cell cannot receive the entire
excess, because its initial conductance is too high to fully accommodate it, the rest of it will be
given to the neighbor with the second lowest conductance, and so forth. The results of this
procedure are shown in Figure 4.

Before overshot removal After overshot removal

Figure 4. Arbitrary snapshots of instantaneous sensor signals before and after overshot
removal.

In the same paper, it has also been found that the linear relationship between void fraction
and conductance is not the best approximation. The non-linear Maxwell relationship between



void and conductance has lower systematic errors in estimating bubble volume and void fraction,
as given by
/1
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While these improvements are important and necessary, it points to the inherent uncertainties
in the experimental methods. A systematic analysis of the different data reduction methods
provides information on how each method influences the final answer. Figure 5 shows the
stepwise impact of the changes from the old methods to the new method for cases 1-1 and 3-2.
All of the calculations in Figure 5 use the PDF liquid conductivity calibration method. The void
data is plotted in all calculations across the rod gap for the experiment without spacer’s,
averaging the two center locations. The six different lines in each plot represent a combination of
the steps discussed above. The “cut” indicates that the values below zero are excluded instead of
values below 10%. “Maxwell” means that the void fraction has been calculated using Eq.(4).
“Overshoots compensated” is used when the filter is not enacted. After the cut has been enacted
or the “overshoots” have been compensated for, there are still some negative values that need to
be removed since they cannot be interpreted as neighbors of bubbles. This has been referred to as
the “filtered” in Figure 5.. The step “cut+filtered” most closely represents the “Linear cut”
method, and the “overshoots+filtered+Maxwell” represents the “Maxwell no cut” method in
Figure 5.The application of the “Maxwell” relationship versus the “linear” method seems to
provide the largest effect. Figure 5 shows that the results for “cut+filtered+Maxwell” is only
slightly higher than “overshoots+filtered+Maxwell”. The figures show the different steps change
the final void fraction value by about 20-50%. Comparing the “overshoot+filtered+Maxwell”
step with just the “overshoot+filtered” (linear) method has a significant reduction of about 25%
on the void fraction data further showing “Maxwell” vs “linear” is a significant factor.
Additional comparisons between both methods are shown in Section 5.
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(a) Case 1-1

0.08

0.07

0.06

0.05

0.04

Void Fraction

0.03

0.02

0.01

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
Arc Length[m]

cut

cut+fitered

cut + fitered + Maxwel appled ———

overshoots comp. (no cut) = =

overshoots comp. (no cut) + fitered

overshoots comp. (no cut) + fitered + Maxwel applied

(b) Case 3-2
Figure 5. Effects on void by the improvements in data reduction.

In a quantitative assessment of the measured average void fraction, it has been compared
against the correlation of Liao et el. (1985) contained in the drift-flux model. This correlation has
been compared to a large number of experimental data stemming from measurements in smooth
bundles by Coddington and Macian (2012) and found to be one of the three best performing
formulae over a wide range of void fractions and system parameters. For the purpose of this
comparison, we averaged the readings of the wire-mesh sensor over the free flow cross-section.
The result is shown in Figure 6. The comparison was carried out for all different combinations of
superficial velocities that were used by Ylonen in the bare bundle (j; = 0.8, 1.2, 1.6 m/s; j, =
0.008, 0.02, 0.039, 0.059 m/s). Also shown are the corresponding values calculated using the
current two-fluid model discussed in Section 3 compared to the “Maxwell No Cut” experimental
data. The improvement by the “Maxwell No Cut” method over the “Linear Cut” is evident. The
experimental points with void fractions below 2 % display a nearly ideal match with the
correlation of Liao for a bubbly flow. At higher void fractions, the experiment gave slightly
lower void fractions, which is coherent with the findings of Coddington and Macian (2012).

Overall, the uncertainties in the local void fraction measurements are of the order of 5-10%,
and in the average void fraction they do not exceed 5-6%. This is consistent with the results of
a previous study (Tompkins et al., 2018) entirely focused on the uncertainty analysis for wire-
mesh sensors. Given the impact of the randomness of bubble trajectories at low void fractions at
the average local gas concentration, the results of the measurements constitute a solid and
consistent data base for model validation.
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Figure 6. Comparison of average void fractions with 1-D void calculations

3. Multiphase Flow Modeling

3.1. Multi-field Modeling Framework

Multiphase flow models can be formulated using a number of different methods and scales,
from DNS/Interface-tracking methods to the ensemble-averaged multi-field or two-field
approaches. To properly assess the predictive capabilities of any model by comparing the results
of calculations against specific experimental data, it is important to recognize that such data is
always associated with numerous physical uncertainties, as well as those associated with the both
the instrumentation and the data processing method (see Section 2). The effect of the complexity
of the physical characteristics of gas/liquid two-phase flows on the interpretation of
experimentally-collected data for modeling purposes is mainly associated with:

Random distribution of bubble sizes.

Degree of bubble deformation.

Continuous phase (liquid) turbulence in gas/liquid two-phase flow.

Bubble-induced turbulence.

Bubble/liquid interfacial momentum transfer.

Uncertainties in the measured (or assumed) fluid properties.

Volumetric phase change rate (boiling and/or condensation) in heated channels.
Bubble/liquid interfacial heat transfer.

Gas injection mode and vapor formation rate at heated surface.

Surface/fluid interactions at micron or nano level.

Furthermore, since the results of model predictions are normally based on computer
simulations, the results of such simulations are affected by the accuracy of computational
methods. Example of the underlying issues are:

» Effect of interface tracking method (in micro-scale simulations such as DNS).

» Effect of bubble size on computational grids (mainly in RANS-level simulations).

» Effect of complex local geometries.

VVVVVVVVYVY
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Whereas the coupled DNS(LES)/Interface-Tracking methods, which can directly model flow
turbulence, have a lot of advantages due to their ability to capture small-scale details, their
application to practical engineering problems, in particular to two-phase flows at high Reynolds
numbers and in complex geometries, still encounters serious limitations. At the same time, the
ensemble-averaging multi-field model, which is based on the RANS-level modeling of
turbulence, turns out to be numerically efficient and, if formulated in a consistent manner, is
capable of capturing major phenomena governing the fluid mechanics and heat transfer of
gas/liquid flows for a variety of situations and systems.

The single-phase Navier-Stokes equations, given by

0 _
a—[t)+D[(pu):0 )
%(pﬁ)+D[(pﬁﬁ):—DP+D[£+p§ (0)

are based on the first-principle fluid continuum concept, and can be readily used in DNS
simulations for a fluid of given properties, as long as the fluid/wall boundary conditions are well-
defined. In the case of two-phase flows, Eqs.(6)-(7) must be complemented by an interface
tracking model. Since such models are based on simplifying assumptions, the resultant
combination is actually no longer a first-principle type. Naturally, such models have been
successfully used to investigate details of gas/liquid interactions in two-phase flows for different
physical situations (e.g., see Bolotnov et al. (2010), Behafarid et al. (2013)), but they are
normally associated with profound numerical issues which limit their applications. Furthermore,
the nature of micro-scale interactions between gas, liquid and conduit walls may still require that
additional closure models be used (e.g., to account for the ultra-thin liquid film which prevents
bubbles from touching the wall (Behafarid et al., 2015)).

The RANS-level models are based on ensemble-averaging the governing equations, Eqs.(5)-
(6), over the entire two-phase flow domain (Delhaye, 1981; Lahey, Jr. and Drew, 1988). One of
the most successful approaches uses the interpenetrating-fluids concept, which leads to the multi-
field model, formulated in a stationary (Eulerian-Eulerian) frame of reference. The major
assumption behind the multi-field model is that all component fluids are equal partners and each,
if considered separately, is governed by Eqs.(5)-(6). Examples of such gas/liquid flows are a
stratified flow or an annular flow pattern without dispersed droplets. However, it has been shown
(Podowski, 2009) that the ensemble-averaging of gas/liquid bubbly flows yields the momentum
equation for the dispersed-bubble field which is inconsistent with the interpenetrating fluid
concept. Thus, additional analysis (and assumptions) are still needed to arrive at the following
well-established multi-field form of the continuity and momentum equations for gas/liquid
bubbly flows (Podowski, 2009),

%[(1 —ao)p ]+ O -a)pm] =0 (7)
%(av,kpv)+D[(av,kpvﬁv,k)=0 (k=1,....K) (8)
%[ﬂ ~a)pi |+ 0[(-a)pii]|=-a0P+(1-a)T| 1 [+ -a)pg + M), 9)

%(ak pii,. )+ 0@ pi, i, ) =-a, 0P +a, 0 |+a,pg + M, (k=1,..K)  (10)
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where

a=Zak (11)

=-M|. ——ZM, ek (12)

In the above equations the subscripts, [ and v, respectively, refer to the liquid and gas phases, k is
the bubble group size indicator, @, is the volumetric concentration of bubble group-«, f‘” is the

total shear stress, M,_,, is the total interfacial force per unit volume by the liquid field on bubble

field-k, and the remaining notation is conventional.

Whereas the form of Eqgs. (7)-(12) is consistent with the fundamental principles of fluid
mechanics, they must be complemented by two major groups of closure laws, one for the total
shear stress, the other for the interfacial forces.

At the RANS-level formulation, several local turbulence models have been developed for
single-phase flows. They have been extended to two-phase flows, but several issues still remain
open. A typical approach is to express the shear stress in terms of the total viscosity of the
continuous liquid field, which is a superposition of the combined molecular (v,) and turbulent

viscosity (V,) of this field, and the bubble-induced viscosity (V, ), i.e.

= p (v, +v, +v,, ) i, (13)

The turbulent eddy viscosity can be determined from one of a number of existing models. It
1s important to realize that the choice of a specific model should be consistent with the fact that
the presence of bubbles dramatically changes the near-wall distribution of the liquid field
parameters normally used to characterize turbulence at the RANS level (Bolotnov and Podowski,
2012). In particular, using well-tuned single-phase turbulence models, such as the Low-Reynolds
Number k- € model, may lead to significant inconsistencies and inaccuracies. As it has been
shown before, using a High-Reynolds Number k- € model applied to a computational mesh
consistent with the bubble size is an approach consistent with other modeling uncertainties. Such
an approach has been used in this study. It has been combined with the bubble-induced
turbulence model proposed by Sato et al. (1981).

The total interfacial force for each bubble group, M Z"_v’k =—Mf,}k_l , accounts for the

momentum transfer between the individual fluids. A common approach is to assume that the total
force is a superposition of various component forces. Whereas, theoretically, several forces have
been identified and modeled with varying degrees of detail and generality, it is important for the
consistency of the overall model that appropriate filtering be used to eliminate less important or
relevant forces, and leave only the most important ones which are based on mechanistic
principles. With this in mind, and using the past experience, the total interfacial force has been
partitioned into four major components (Podowski, 2009)

1l —qD VM 7 L 7 TD
Ml—v,k _Ml—v,k +Ml—v,k +Ml—v,k +Ml—v,k (14)

where M, is the drag force, M), is the virtual mass force, M/, is the lift force and M,”

is the turbulent dispersion force, all exerted by the liquid field on gas field-k. The individual
forces are discussed below.
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3.2. Drag Force
The drag force acts in the direction opposite to the movement of particles passing through a
stationary or moving fluid. Performing ensemble averaging gives the following relationship

mi (15)

1 _
jwl?v,k = _§ CD,kpl u

r.k ur k

where C,, is the drag coefficient for bubble group-k, i, =iu,, —i, is the corresponding gas-to-

lll i

liquid relative velocity, A" = 6— is the interfacial area density for the group-k bubbles, and

bk
d, , 1s the corresponding equivalent bubble diameter.
The drag coefficient needs to be determined appropriately for any given situation. In
particular, C,, depends on flow conditions and bubble size, and can typically be evaluated from

various experimentally-based expressions. For spherical bubbles, an updated form of the
formulation originally proposed by Ishii and Mishima (1984) can be used

c,, =2 (1+0.002Re) ) (16)
’ €k
where
i, —ii|d
Rebk — v,k 1™,k (17)
, v,

For distorted bubbles, a well-documented formula has been proposed by Zuber-Findley
(1965), given by

C,, =0.57d, |5 (,0,0 P) (1-q) (18)

Another expression has been proposed by Ishii and Mishima (1984) as

15672
. :Zdb,k\/ﬁ 141767 (1-a)""| "
3 No 18.67(1-a)"

It is interesting to notice that when applied to a single bubble under the condition, o, I 0,

Eq.(18) yields a commonly used expression for the terminal rise velocity of deformed bubbles

0.25
" =1.53(£j (20)
o,

This, in turn, provides an assurance that Eq.(18) is applicable to low relative gas volumetric
flow rates. On the other hand, Eq.(19) over predicts the bubble rise velocity by almost 20%.

Another important observation in regard to Eq.(18) and Eq.(19) is that both of them refer to a
conduit-cross-section averaged void fraction, so their direct application to flows experiencing
high lateral void gradients may have a negative impact on the accuracy of calculations and
should thus be approached with caution.
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As can be noticed from Eq.(16), the drag coefficient for small bubbles is a nonlinear function
of bubble diameter. At the same time, both Eq.(18) and Eq.(19) indicate that for deformed (or
distorted) larger bubbles and low gas volumetric flow rates fractions, the ratio of drag coefficient
to bubble diameter is nearly constant, especially for low void fractions. For instance, in the
current case SUBFLOW experiment 3-1, performed for air/water flow at room temperature with

0<0.05 (see Table 1) and o, =0.035 (see Figure 6) Eq.(18) yields, C,,, /d,, =195.

It is important to notice that the accuracy of predictions using both Eq.(18) and Eq.(19) is
better for larger-size pipes or regular-geometry conduits, where the local void fraction normally
experiences a sharp increase at a short distance from the wall as compared to the conduit lateral
dimension (Lucas and Tomiyama, 2011). If the relative distance from the wall increases, such as
in narrow conduits, the effective gas flow gets reduced, the average gas velocity increases, and
the average void fraction decreases. This, in turn, is de-facto equivalent to a reduction in the
average drag coefficient.

As can be readily shown, differences between the drag coefficient for spherical and distorted
bubbles of a comparable size are quite significant. Furthermore, within each category, using
different formulae available in the literature yields different results, which reflects the fact that
significant uncertainties are always present in the evaluation of drag force. The associated
modeling uncertainties get augmented in flow situations which involve spacer-induced bubble
breakup. Thus, to capture the first-order phenomena reflecting the impact of drag force on phase
distribution, and to filter out secondary factors at the model-tuning level, it is important to that
observations given above be appropriately used to formulate a model consistent with the
dominant flow characteristics.

3.3. Virtual Mass Force

The virtual mass force accounts for the acceleration-induced resistance exerted on dispersed
particles by the surrounding fluid. An analytically derived expression for this force is given by
Drew et al. (1979)

b, —%j (21)

Ml—wvl,k :_Cwakpl( Di Di

where C,, is the virtual mass coefficient, the standard value of which is 0.5.

3.4. Turbulent Dispersion Force

The turbulent dispersion force represents the force on the gas field caused by turbulence-
induced fluctuations of liquid velocity. Podowski (2009) has derived the following form of the
turbulent dispersion force

M2, = V,k,qD{(l-a)?} (22)

where ¢ is the lateral component of the fluctuating liquid velocity, normal to the conduit wall.

Since turbulence in both single-phase and two-phase flows experiences a significant degree of
anisotropy, it turns out that whereas the lateral turbulent kinetic energy distribution is normally
highly non-uniform the average lateral velocity fluctuations are nearly uniform (Wang et al.,
1987). Thus, as long as RANS turbulence models are used in computer simulations, Eq.(22) can
be replaced by (Podowski, 2019)
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M, =G,k Dar (23)
2

where C,, =—2 <1 is the turbulence-dispersion force coefficient and the index, p, represents the
P

near-wall locations of the corresponding variables. Based on the experimental data (Wang et al.,

1987), a value, C,,, =0.5, can be used.

3.5. Lift Force

The lift force is due to the combined effects of a non-uniform local velocity distribution
around individual bubbles (a Bernoulli-type effect), combined with the bubble-to-liquid relative
velocity. The first-principle analytical expression derived for this force exerted on small
spherical bubbles is

L

M}, ==Ca,, i, (O ) (24)

where C, is the lift coefficient and the negative sign reflects the fact that the force is directed

along a decreasing liquid velocity.

A theoretical value of the lift coefficient for the inviscid laminar liquid flow around a single
spherical bubble is 0.5. For viscous fluids, the experimental data and DNS simulations for dilute
flows and spherical bubbles show a wide range of values of this coefficient, from 0.01 to 0.3 or
even higher (Eichorn and Small, 1964; Tomiyama et al., 2002; Feng and Bolotnov, 2017).

Because different sources of reference may show dramatically different values of C, for any

given flow conditions, and the fact that most data refer to laminar or nearly-laminar flows, their
use for the modeling of turbulent flows is not practical. A more consistent first-principle
approach to turbulent flows in long conduits is based on the lateral force balance principle. Jiao
and Podowski (2012) used the experimental data of Wang et al. (1987) and showed that a
reasonable choice of lift coefficient is between 0.02 and 0.04, and C, =0.03 matched best the

measured void fraction and liquid velocity distributions. This result confirms the values used
before by Kurul et al. (1996) and Alajbegovic et al. (1996) for both adiabatic and diabatic two-
phase flows.

It is interesting to notice that equalizing the expressions given by Eq.(23) and Eq.(24) implies
that the results of model’s predictions mainly depend on the ratio, C,/C,, , rather than
independently on each individual coefficient. Using the values given above, i.e, C, =0.5 and
C,=0.03, the ratio of the lift-to-‘turbulent dispersion’ coefficients for spherical bubbles
becomes, C,/C,,, =0.06 . Whereas the above observation facilitates model validation at fully-

developed flow conditions, it also indicates that even a well-calibrated model at such conditions
will not necessarily properly predict details of developing flows in which the lateral liquid
velocity may affect both coefficients.

It has been well-documented experimentally by Lucas and Tomiyama (2011), and also
confirmed by computer simulations (Feng and Bolotnov, 2017; Ervin and Tryggvason, 1997),
that when a bubble becomes distorted from spherical shape, the lift force changes direction, so
that large bubbles are normally pushed toward the center of a conduit and that the sign of the
lateral void fraction gradient gets reversed. Attempts have been made to either estimate the
corresponding threshold bubble size (Kurul and Podowski, 1988) or to quantify it in the form of
correlations (Tomiyama et al., 2002) but such results are typically limited to a specific range of
experimental conditions of reference. Accurate predictions over a broad range of conditions are
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extremely difficult due to the fact that the critical bubble diameter depends not only on the gas
and liquid volumetric fluxes but is also affected by the conduit size. The latter effect has been
clearly demonstrated by Lucas and Tomiyama (2011). Their experiments performed for
relatively low gas/to/liquid superficial velocity ratios in a 200 mm diameter pipe indicate a sign
change in the lift coefficient for bubbles of about 6 mm diameter, whereas the critical size gets
reduced to below 5 mm for flows in a 50 mm pipe.

The available experimental evidence indicates that the lift coefficient sign change is quite
abrupt. Whereas the experimentally-deduced values after the change cover a broad range, it
should be recognized that a small change of bubble size around the threshold value will likely
have a small effect on the turbulence dispersion force. Thus, in the case of well-established
turbulent flows, a consistent approach is to use again the lateral force balance and, thus, the same
magnitude of the lift-to-‘turbulence dispersion’ coefficients ratio for both cases.

3.6. Single Bubble-Group Two-Field Model

Given the uncertainties associated with both the closure laws for the interfacial forces and the
RANS-level model of turbulence in gas/liquid two-phase flows, using a simplified two-field
model may serve as a useful tool allowing for capturing dominant phenomena governing flow
and phase distributions while filtering out secondary factors at the model-tuning level. However,
it is important that the applicability of such model be properly understood for different flow
conditions, as demonstrated below.

Summing up the mass and momentum conservation equations for individual bubble size
groups, Eq.(8) and Eq.(10), respectively yield

da o
—+ iy (a,u,,)=0 25
D ICRTY (25)
a K K - .
pv EZ(av,kﬁv,k) + DDZ (av,kﬁv,kﬁv,k ):| = _aDP + al:l[[gml] + apvg + Mll—v (26)
k=1 k=1
Introducing the averaged gas velocity defined as
1 k
i, =—> (@, 4dh,) (27)
ai=
and assuming that
k
2@l i, ) = 0, (28)

k=1
Eq.(27) and Eq.(28), respectively, can be rewritten as

9 i =0 (29)
ot

P, {ai(agﬁv) + DE(avzzvﬁv)} =-a0P+all| 1" |+ap g+ M., (30)

: =
The combined Eq.(7), Eq.(9) and Egs.(29)-(30) assume the form of a two-field model.
However, when considering the application of such a model to a flow of poly-dispersed spherical

bubbles, one should realize that the interfacial force terms in Eq.(9) and Eq.(30) are actually
nonlinear combinations of state variables for the individual groups, such as velocities and
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volumetric concentrations. Naturally, the same observation applies to Eq. (28). So, as long as the
bubble sizes, and thus velocities, are considerably different from one group to another, a single-
group two fluid model may be unable to properly reflect some of the important flow
characteristics (such as void distribution).

On the other hand, when the majority of bubbles of different group sizes are in the deformed-
shape range, while their volumetric fractions remain small, it can be shown (Podowski, 2018)
that the relative velocities and, thus, the absolute local velocities of all bubble groups will be
approximately the same. Thus, the set of equations given by Eq.(7), Eq.(9), Eq.(18), Eq.(21),
Eq.(23), Eq.(24) and Eqgs.(29)-(30) can be interpreted as a consistent two-fluid model of a two-
phase flow of multiple-size deformed (or ‘large’) bubbles. The major factor critical for the
accuracy of the simplified model is the fact that for small void fractions we have:

Cp.ld,, =constant for k=12,..K.

4. Computational Modeling

4.1. CFD Solver

The two-phase flow model discussed in the previous sections has been implemented in the
Computational Multiphase Fluid Dynamics (CMFD) code, NPHASE-CMFD (Antal et al, 2000).
NPHASE-CMFD is a RANS-level, pressure-based finite-volume parallel processing solver
capable of tracking individual components of multiphase multicomponent fluids capable of
analyzing unsteady and steady flows. It employs the multi-field modeling concept to solve the
conservation of mass, momentum, and energy equations, combined with the corresponding
interfacial jump conditions, for each component fluid. The mass and momentum equations are
solved using a coupled solver providing additional robustness necessary to achieve convergence
in the complex rod bundle with spacers. The code also includes the transport equations for
turbulence quantities and chemical species. The code is fully unstructured and includes second-
order accurate convection and diffusion discretization. Phasic and field conservation equations
are solved in coupled or segregated fashions, using frozen coefficient linearization. One of
several discrete integration methods can be used, including the upwind, hybrid and second order
upwind schemes. The modeling capabilities of the NPHASE-CMFD solver have previously been
extensively validated against experimental data (Tiwari et al., 2006; Shaver and Podowski,
2015). The experience gained from those studies indicates that, due to the complexity of two-
and multiphase flows, the choice of best solution method may vary with problem characteristics.
Based on preliminary parametric testing, the hybrid method has been used in the present work.

4.2. Computational Domains and Grid-Size Studies

The formulation and testing of the computational mesh for the present analysis capitalized on
the extensive past experience at the RPI Center of Multiphase Research with numerical
simulations of multiphase flows for a broad range of geometries and operating conditions,
including flow and phase distribution in fuel assemblies with spacers of different geometries
(Anglart et al., 1997, Antal et al., 2001) and in conduits with elbows and bends (Tiwari et al.,
2006; Telishcheva et al., 2010), conduits experiencing local gas injection (Bolotnov et al., 2012;
Behafarid et al., 2013) and flow along sudden contractions, expansions and other obstructions
(Waite et al., 2012; Kurul and Podowski, 1996; Antal et al., 1998; Gallaway et al. 2007). When
combined with the results of investigations of major generic conceptual issues arising from the
modeling of gas/liquid two-phase flows at the RANS level (Podowski, 2009, 2019a; 2019b;
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Podowski and Shaver, 2013; Shaver et al., 2013; Shaver and Podowski, 2015), they can be

summarized as follows:

» The effect of dispersed bubbles near solid walls on local liquid velocity field limits the
applicability of Low-Reynolds Number k-¢ model and other similar RANS models highly
questionable or even not applicable at all.

» Standard conditions used by the High Reynolds Number (HRN) k-¢ model yield a mesh
configuration which is consistent with the ensemble-averaging principle over a large range of
bubble sizes.

» The acceptable range of the near-wall grid size ( y;) is typically between 30 and about 200,

including both straight and curved conduit walls, as well as insert tips and the associated

sudden flow obstructions.

» It is not uncommon that reducing the grid size beyond the limits imposed by the presence of
bubbles may adversely affects the accuracy of in two-phase flow RANS simulations.

» The trend mentioned above is not only due to the modeling of turbulence but is also
associated with the modeling of spatially-averaged bubble-liquid interfacial interactions
(mass, momentum and energy exchange).

The computational domain for CFD simulations has been built using dimensions from the
SUBFLOW experiment (Ylonen, 2013). The rod bundle with mixing-vanes offers a unique
challenge as the mesh requires a sufficiently large number of elements to capture the detailed
governing phenomena, but the problem still needs to be solved efficiently and accurately. In the
current case, the mesh was generated using Pointwise V16.04 (Pointwise, 2011), ensuring that
there are structured boundary layers on the wall surfaces which include the spacer and the rod
walls. The region around the mixing vanes uses unstructured tetrahedral elements in order to fill
in the mesh points where the geometry is most complicated. All other regions use prisms or
hexahedral elements to compose the radial topology. The resultant topology is shown in Figure
7(a) and (b) with an example cutaway into the mesh around the vanes for a single channel in
Figure 7(c). This topology has been kept the same before and after the spacer grid, to allow for
the locations downstream to be set as the inlet if necessary. This allows for performing the
calculations for the experimental case without spacers, the results of which can be used as the
inlet to the spacer grid cases. This assumption is consistent with the experimental method,
and it allows one to create a full picture of the flow conditions for each case. In this work, the
steady-state solver has been used with false-time stepping to achieve satisfactory convergence.
Each run continued for at least 4000 iterations which allowed the root mean squared residuals to
be between 107 and 107 for u, v, w, slightly above 10? for a, and 107 for P.

Major dimensions of a single sub-channel contained in the 16 channel bundle are shown
Figure 7(d). Whereas the geometry has been scaled up by a factor of 2.6 from a typical PWR,
there are still some local flow paths as small as 3-5 mm where larger bubbles may get slightly
distorted. However, details in this regard are beyond the resolution level of both the experiment
and the modeling framework. As shown in Figure 1(a), the split-type mixing-vanes use an
alternate orientation which provides swirling within each subchannel as well as cross flow
between the neighboring subchannels. The interior surface comprising the spacer grid has been
formulated using a thin-wall assumption. However, the effect of thickness of spacer plates on the
results of predictions has been examined in a separate study (Waite et al., 2014, Waite, 2018) and
found to be practically negligible. This is due to the fact that the only effect of spacer thickness
captured is on the local pressure loss due to a slight flow area reduction, but it has been shown to
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be very small compared to that of the mixing-vanes geometry (Chun and Oh, 1998). All walls
treat the liquid phase as no-slip boundaries. The inlet condition is an inflow conditions and the
outlet condition is a relative pressure condition. So, the current setup allows for properly
capturing local swirling and cross-flows in the rod bundle.

(a) (b)

"k 3.51 mm
7 g

() (d)
Figure 7. Grid topology of the rod bundle (a) within vanes, (b) before and after spacer region, (c)
3-D view of grid details in the spacer region, (d) projected grid around mixing vane fins.

The sensitivity of the computational results to the mesh size and shape needs to be explored
in every computational study. Therefore, four different grids of varying characteristics were
analyzed to ensure that the results were consistent across the different grid set ups. The grid
study has been performed for a 2 x 2 rod bundle without spacers. The differences of each grid
can be seen in Table 2 and in Figure 8. The importance of this study is augmented by the fact that
the wall structures are close together, making it difficult for the structured boundary layers to
always satisfy the near-wall node size requirements. The results shown in Figure 9 confirm the
consistency of the grid structure used for the experimental comparisons (Case 2). As can be seen
in Figure 9(a), the axial pressure drop for all the grids is the same. The radial plots in Figure 9(b)
and (c), indicate that the absolute differences in the local void fraction do not exceed 0.003 and
the maximum velocity differences do not exceed 0.02 m/s. Thus, one concludes that the results of
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simulations discussed in this paper are practically grid-independent. Interestingly, the
corresponding relative errors, especially in the central flow regions, are below 3-4% for void
fraction and 2-3% for velocity. Needless to say, they are well within the predictive accuracy of
the physical models used in the analysis.

Table 2. Grid Study Differences

Case # y+  Structured Boundary Layer In Rod Gap? Elements

1 20-25 Yes 1,561,600
2 14-18 Yes 2,745,600
3 14-18 No 2,534,400
4  29-34 No 864,000

(a) Case 1 (b) Case 2
(c) Case 3 (d) Case 4

Figure 8. Topology of the four grids used in parametric testing of mesh impact on the results of
NPHASE-CMFD simulations.

20



16000 T T
casel
N case2
14000 % case3 [
- cased ——
12000 - N .
— 10000 - N i
& S\
£ sooo - . s
D e
< so00 - N .
4000 - g -
S
2000 o
0 L L 1 L Il it 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
x[m]
(a)
0.08 T T T 1.3 T T
casel casel u -
case? P! case? u e =R
0.07 - \ case3 = - / \ )l 12F Wl 3 case3 d 7
i cased A
0.06 - ! y 1 11F B
\ |
| (
£ 0.05 - b l — Z 1r E
5 £
(o]
Lo004r 4 =z 09t ! | e
© 3
o @ \ \
> o03f 4 > o8t g
0.02 - q 0.7 | ! B
0.01 - =) 0.6 =
I
U L 1 1 L Il 1 05 L L 1 1 Il Il Il L
0 0.01 0.02 003 0.04 005 006 007 0.08 0.09 0 0.01 002 003 004 005 006 007 0.08 0.09
arc length across diagonal [m] arc length across diagonal [m]
(b) (©)

Figure 9. Results of the grid study: (a) axial pressure drop, (b) lateral void fraction across
diagonal, (c) axial velocity across diagonal.

Since the modeling of turbulence at the RANS level in complex geometries of reactor fuel
assemblies is a challenging issue, it has been studied extensively before. Liu et al. (2012)
investigated single-phase flow downstream of mixing vanes using six different turbulence
models. Yuan et al. (2013) looked at the accuracy of three different turbulence models using two
different computer codes. Cinosi et al. (2014) benchmarked three turbulence models using the
MATIS-H experimental data downstream from mixing vanes. A general conclusion from the
above studies has been that whereas the inherent averaging concept behind standard k-¢ models
does not allow for tracking details of the fluctuating components of turbulence, such models are
capable of capturing not just the bulk flow, but also cross flows and heat transfer enhancement. A
similar conclusion has also been drawn by Chen et al. (2017) based on mixing-vane rod bundle
studies.

Interestingly, it has also been shown by Podowski and Shaver (2013) (also, see (Podowski,
2019)) that the combined HRN k-¢ and bubble-induced turbulence model in two-phase flows
properly predicts the lateral void and velocity drifts between the subchannels in heated reactor
fuel assemblies. A similar turbulence model has been used in current study. Figure 10 shows the
predicted void fraction profiles with lateral liquid velocity vectors in the upper left quadrant of
the rod-bundle for the SUBFLOW experimental conditions corresponding to Case 1-3 in Table 1.
The velocity vectors at the tip of the mixing vane (Figure 10(a)) show an interesting detail
captured by the simulations. Specifically, it can be seen that large vortices are created by the
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mixing vanes, whereas small vortices are also formed at the “knee” of the mixing vane in the
outer areas of a channel, which is where the curved surface starts at the bottom of the vane. The
alternating vane pattern is also clearly seen in this result, as the strong lateral velocities in each
channel are rotated 90° from its neighboring channels. At a distance of 50 mm downstream from
the vane (seen in Figure 10(b)) some of the smaller structures have already decayed, but there are
still strong vortices visible in the center of the channels around high void concentration regions.
The bottom left channel is located in the middle of the bundle and it experiences more cross
flow, which causes the void to spread out. It is important to notice that this velocity behavior is
similar to the flow structure reported by Chang et al. (2008).

Volume-fraction_02
'. 2.800e-01

=024

~0.18
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(a) (b)
Figure 10. Predicted Cased 1-3 void fraction (color contours) with lateral liquid velocity vectors
overlaid in the upper left quadrant of the 16 channel bundle: (a) at the tip of the mixing vanes,
(b) 50 mm downstream.

5. Analysis of Coupled Experimental and Theoretical Results

Two cases, each representing a different gas flow fraction and a different bubble diameter,
have been used in this study to show a comparison between the experimental results based on
two methods of data reduction and the results of NPHASE-CMFD simulations using the model
discussed in Section 4. These cases are: Case 1-1 and Case 1-3 in Table 1. Case-1 pertains to a
small gas superficial velocity and small spherical bubbles. On the other hand, the bubble sizes in
Case 1-3 are predominantly in the deformed bubble-shape flow range and the gas volumetric
flow rate fraction is higher than that in Case 1-1, although still quite low. For both cases, a
thorough analysis of the experimental results has been performed using two data reduction
methods, and the bubble size distribution has been determined for the experiments with and
without spacer grids.

5.1. Small Bubbles- Case 1-1

The experimentally-estimated bubble size distribution for Case 1-1, based on the signals
captured by the wire mesh, is shown in Figure 11. As can be seen, the maximum void fraction of
about 0.8% corresponds to the bubble diameter of 3.5 mm, whereas the average bubble size has
been estimated at 3.72 mm, both below the threshold limit for bubble deformation. The small gas
flowrate led to a small size standard deviation of 0.62 mm. The vanishing of the weak local
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maximum at a bubble diameter of 4 mm and the tendency to move the left slope towards lower
bubble diameters are hints for a slight bubble breakup effect. With a growing distance from the
spacer, the distribution tends to return gradually to the unperturbed one, which is dominated by
small bubbles.

|
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50 mm downstream

0.4 |— =230 mm downstream
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Figure 11. Case 1-1: Effect of bubble-size on the void fraction.

The fact that the majority of the bubble population corresponded to a narrow 3-4 mm
diameter range indicated that a two-fluid model discussed in Section 3 should be capable of
reproducing the experimental data. The calculations have been performed using the
experimentally determined average bubble diameter (3.72 mm), with the drag coefficient given
by Eq.(16) and the lift coefficient of 0.03.

The first objective of the analysis has been to evaluate the flow conditions which are
comparable to the experiment without spacers. As can be seen in Figure 12, the void fraction
distribution observed in the NPHASE-CMFD simulation is in good agreement with the behavior
shown by the experimental data. The void fraction in simulations and the experiment hug the
walls, which is typical of small bubbles. The experimental results, which include two methods of
data processing, “Linear cut” (Ylonen, 2013) and “Maxwell no cut” (Prasser and Haefeli, 2018),
show the concentrations for the “Maxwell no cut” are lower. The experimental results show that
the measured bubble concentration around the rods is somewhat non-uniform in the azimuthal
direction. This is likely due to the inherent random asymmetries in the distribution of bubbles
leaving centrally-located air injectors in each channel. Since a uniform inlet void distribution has
been assumed in the simulation, the calculated void fraction distribution at the sensor location is
nearly uniform among the neighboring channels, as expected. However, the overall behavior is
similar in both cases, consistent with the underlying physics. It is also interesting to notice that
the bundle-averaged void fraction shown in Figure 6 agrees well with the measured value.

The plots and data points across the diagonals of the rod bundle are shown in Figure 13. They
indicate that the magnitude of the wall peaks is captured well by the NPHASE-CMFD-based
model. There are differences seen in the centers of the channels where the calculated void
fraction is nearly symmetrical around the maximum velocity lines, whereas the measured values
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experience small random asymmetries. The calculated central-peak void values of the order of
0.001 to 0.002 reflect the left-over bubbles expelled from the completely depleted narrow
passages between the rods, and the fact that the lift force drops to zero at the locations of
maximum velocity. At the same time, since the average void fraction is less than 0.005, the
experimental data reflect the randomness of void distribution. A comparison between the two
methods of data processing shows that they yield similar results at locations where the void
fraction experiences small lateral changes, but may be different from each other at steep void
fraction increases near rod surfaces. Thus, using both methods provides a useful insight into the
proper interpretation of the measurements, although the “Maxwell No Cut” method is more
accurate. The overall results confirm the consistency of the model in terms of preserving the
diagonally-averaged gas volume. Furthermore, the peak void fractions in the diagonally-
peripheral subchannels seem to be slightly lower than in the central channels, but the differences
are practically within the experimental and modeling uncertainties . discussed in Section 2 and
Section 4, respectively.

Linear Cut Maxwell No Cut

Figure 12. Case 1-1: Color contours of local void fraction distribution with no spacer. The
experimental color contours have been generated using both the “Linear Cut” and the “Maxwell
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No Cut” methods of data processing. (The experimental and theoretical color contours have been
generated using identical color scales, length units are mm)
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Figure 13. Case 1-1: Void fraction distribution along diagonals with no spacer: (a) diagonal
D1, (b) diagonal D2 (see Figure 10 for a location reference).
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The NPHASE-CMFD results without spacers have then been used as the inlet conditions to
the simulation with spacers. This is consistent with the experimental conditions just upstream
from the spacer. The experimental and predicted void distributions downstream from the spacer
grid are shown in Figures 14, 15, and 16.

The experimental and calculated color contours of void fraction at two locations, 50 mm and
250 mm downstream from the spacer, are given in Figure 14. As can be seen, both the
experiment and computation show that the vortices created by the mixing vanes sweep the
bubbles away from the fuel rod surfaces toward the center of the channels. This is because
bubble distribution at both locations is mainly influenced by the inertial effects associated with
the change in momentum imposed by the shape of the vanes. The differences in the magnitude of
void peaks between the experiment and simulation are likely caused by the uncertainties in the
experimental data analysis and/or due to the limitations of the current models of interfacial
forces, in particular in regard to developing two-phase flows. It is evident that capturing detailed
effects of the spacer on local bubble shape and distribution is a challenging task faced by both
the experiment and the simulation. However, the underlying differences are contained within
acceptable limits, so one concludes that the overall behavior observed in the experiment has been
has been properly reproduced by the model.

25



Experiment NPHASE-CMFD
50 mm (L/Dpy past spacer=1.47)

20

40 r

60 r

80

100 |

0 20 40 60 80 100 120

250 mm (L/Dp past spacer=7.35)

20

40t

60

80

100

0 20 40 60 80 100 120

Figure 14. Case 1-1: Void fraction distribution comparison between simulation and
experiments with spacer at 50 mm and 250 mm locations downstream from the spacer (scale in
percent void). The experimental color contours have been generated using the “Maxwell No Cut”
method of data processing (length units are mm).

Figure 15 present the void fraction color contours at 450 mm and 650 mm downstream from
the spacer, still for Case 1-1. As the flow moves downstream from L/Dy= 7.35 to L/Diy= 19.12,
the mixing vane effects start to decay, which allows the interfacial momentum forces to
redistribute the bubbles. In this region, the uncertainties of the selected bubble size and model

26



coefficients start playing a larger role. As shown by both the experimental and simulation results,
several highest void concentration regions have returned to the fuel rod surfaces 650 mm
downstream. This outcome confirms that the flow field is dominated by small bubbles. In both
the experiment and the simulation, there are still some voids that remain around the centers of
selected subchannels at /Dy = 19.12, with the concentrations being higher in the latter case.
However, the trend for the bubbles to be brought into the center and then return to the fuel rod
surfaces has been properly captured by the model.

Experiment NPHASE-CMFD
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650 mm (L/Dppast spacer=19.12)

Figure 15. Case 1-1: Void fraction distribution comparison between simulation and
experiments with spacer at 450 mm and 650 mm locations downstream from the spacer (scale in
percent void). The experimental color contours have been generated using the “Maxwell No Cut”
method of data processing (length units are mm).

The void distribution at 650 mm (L/Dp=19.12) downstream from the spacer is not as ordered
as it was without spacer grids. This is the evidence that this case has not yet returned to the
conditions seen upstream of the mixing vanes. As can be seen, the local peaks near the walls in
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the simulation are consistent with those seen in the experiments, which gives confidence that the
secondary flow directions and magnitudes are being captured accurately well downstream from
the spacer grid. However, the more prevalent void peaks in the centers of the outermost channels
in the simulations illustrate the difficulties associated with capturing developing flows, which
arise from the combined modeling and experimental uncertainties.

The void plots and data points across the diagonals of the rod bundle at a distance of 50 mm
downstream from the spacer are shown in Figure 16. Again, the void fraction magnitude between
the adjacent rods is captured reasonably well by the model. The calculations also show local
near-wall increases along diagonal D1, which have been captured by the experimental plots, and
can be clearly seen in the corresponding color images in Figure 14. However, since the void
fraction at those locations is less than 2%, it would be difficult to resolve distribution details with
a sufficient accuracy using plane cuts across the flow area. Both the experiment and calculation
show higher void fraction peaks in the peripheral sub-channels. At the same time, each method
of data processing shows unusually high and extremely narrow peaks in the lower and upper left
corners, which may be attributed to random factors inherently built in the experimental setup.
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Figure 16. Case 1-1: Void fraction distribution along diagonals 50 mm downstream from the
spacer: (a) diagonal D1, (b) diagonal D2 (see Figure 12 for a location reference).

Overall, the qualitative agreement in the behavior of the void fraction between the model
predictions and the experimental data at this location is reasonable, although differences can be
still be observed in the peak values and locations of sharply changing, while still low, gas
concentration across the passages between rods.

5.2. Large Bubbles- Case 1-3

As mentioned before, most bubble sizes in Case 1-3 pertain to the deformed shape range,
where the lift force is known to change sign. This observation is confirmed by the cross-section
averaged components of the measured void fraction for four different bubble-size ranges, shown
in Figure 17, as well as by the corresponding continuous distribution functions of void fraction
vs bubble size in Figure 18. The data in both figures refer to the test with no spacer, and to four
tests with the spacer, each corresponding to a different location downstream from the spacer.

The void distribution corresponding to four groups of bubble sizes is shown in Figure 19.
The grouping scheme reflects the results of experiments of Tomiyama et al. (2002) performed
for single bubbles of different shapes in prescribed shear flows. According to those experiments,
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the transition in the lift coefficient sign occurred for the equivalent bubble diameters between 4
mm and 7 mm around an estimated value of 5.9 mm. Whereas the current results for the case w/o
spacer show a similar trend, it can also be noticed that bubbles of diameters higher than 4.9 mm
already depart for the wall and start collecting near the subchannel centers. Such a behavior is
consistent with the observations made by Lucas and Tomiyama (2011) in the experiments which
were still performed for flows in simple pipe geometries but covered a range of gas
concentrations and velocities at actual two-phase flow conditions.
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Figure 17. Case 1-3: Cross-section averaged void fraction subdivided into bubble-size ranges.
Positions 1, 2, 3 and 4, correspond to the 50 mm, 250 mm, 450 mm and 650 mm downstream
from the spacer.
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Figure 18. Case 1-3: Effect of bubble-size on the void fraction.
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Figure 19. Case 1-3: Total local void fraction and partial volume fractions of bubbles belonging
to four different group sizes, at different axial locations relative to the spacer grid.

The color contours of void fraction for the case without a spacer are shown in Figure 20,
including the experimental results corresponding to the two methods of data processing
discussed in Section 2, and the results of calculations. The calculations have been performed
using the experimentally determined average bubble diameter (5.0 mm). The drag coefficient
was estimated based on the discussion in Section 3.2 as 0.8, and the lift coefficient was set at -
0.03 (Podowski, 2019). As can be seen, the void is center-peaked in both experimental cases,
consistent with the bubble sizes (see Figure 18), although the peaks are a little less sharp when
using the “Maxwell no cut” method which has been shown to be more accurate.
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Figure 20. Case 1-3: Color contours of local void fraction distribution with no spacer. The
experimental color contours have been generated using both the “linear cut” and the “Maxwell
no cut” methods of data processing. (The experimental and theoretical color contours have been
generated using identical color scales, length units are mm).

Details of void distribution across two diagonals of the rod assembly shown in Figure 20, are
presented in Figure 21. As can be seen, the experimental results show nearly-symmetric void
distributions across the individual sub-channels, with higher void peaks occurring in the
peripheral subchannels along both diagonals.
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Figure 21. Case 1-3: Void fraction distribution along diagonals with no spacer: (a) diagonal D1,
(b) diagonal D2 (see Figure 20 for a location reference).

As can be seen in Figure 16, the relative concentration of large (> 4.9 mm) bubbles
upstream from the spacer is about 90% of the total void fraction. Interestingly, the contribution
by small bubbles which tend to collect near the rod surfaces is so small that their effect is barely
visible in the color contours for all bubbles in Figures 20-23. Thus, give all the combined
uncertainties inherently associated with model formulation, using a two-fluid model of
deformed-bubbles flow (discussed in Section 3.6) has deemed quite appropriate in the present
case.

A thorough examination of the experimental results in Figure 21 indicates that the diagonal
distance occupied by the bubbles was about 0.02 m, whereas the corresponding distance between
the neighboring rods was slightly over 0.023 m (see Figure 2). The same effect across the entire
flow can be seen in Figure 21. Thus the effective area ratio occupied by the bubbles can be
estimated at between 0.75 and 0.8 or even lower. On the other hand, for flows in pipes (used in
standard two-phase flow experiments), such an area ratio for deformed-bubble flows may be
higher than 0.9 (Lucas and Tomiyama, 2011). This in turn, and the fact that the bubbles farther
away from the wall flow faster than those near the wall (for the same relative velocity) indicates
that relatively narrow gas concentration in the current case will result in the average void fraction
lower by 15% to 25% than that predicted when using the drag model in Eq.(18). To account for
this effect, the ‘drag-coefficient’-to-’bubble diameter ratio’ used in the model was reduced from
195 to 160 (about 18%, Cp=0.8). Whereas the selected value was only an estimate, its
correctness has been confirmed by comparing the calculated assembly-averaged void fraction for
Case 1-3 (about 3.6%) against the experimental values. This is shown in Figure 6.

The results of calculations using the present model are also shown in Figure 20 and 21. As
can be seen in Figure 20, the model correctly picks up the center-peaked void distributions in all
subchannels, although the peaks are slightly over-estimated. The line plots in Figure 21 show
nearly-symmetric void distributions across the individual sub-channels, very similar to the
experimental data. Interestingly, both results indicate that higher void peaks occur in the
peripheral subchannels along both diagonals. This trend reflects the impact of the wall boundary
conditions in the rod gaps of the outer channels of the assembly, both physical and
computational. Overall, the agreement between experiments and simulations is quite good.

The results from the simulation without spacers have again been set as the inlet for the cases
with spacer grids. As shown in Figure 18 and 19, while the contribution by smaller bubbles has
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increased after the spacer grids due to the effect of breakup, the bubbles greater than the
estimated threshold (>4.9 mm) still make up 80 to 90 percent of the total void fraction. Thus, the
assumptions discussed in Section 3.6 are still applicable, although the results of calculations are
going to be less accurate. Both the experimental and modeling results are shown in Figures 22
through 23.

As in Case 1-1, the experimental and calculated color contours of void fraction at two
locations, 50 mm and 250 mm downstream from the spacer, are given in Figure 22. As can be
seen, the effect of mixing vanes, spreading the originally center-peaked void fraction, is captured
well in the regions close to the spacer (50 mm downstream). The return to the center-peaked-
configuration trend is also predicted at the 250 mm location, although it is apparently slower in
the calculation than in the experiment, especially in the inner subchannels.

Experiment NPHASE-CMFD
50 mm (L/Dy past spacer=1.47)

0
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L B o

20

40 r

60

80

100

0 20 40 60 80 100 120

Figure 22. Case 1-3: Void fraction distribution comparison between simulation and experiments
with spacer at 50 mm and 250 mm locations downstream from the spacer (scale in percent void).
The experimental color contours have been generated using the “Maxwell No Cut” method of
data processing.(length units are mm)
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Figure 23 shows that a similar trend continues at 450 mm and 650 mm downstream, although
the void in the central subchannels returns close to the center-peaked pattern faster in the
experiment than in the simulation. This again points to some of the still-open issues concerning
how the currently selected modeling parameters affect the distance along the flow required to
return to fully-developed conditions. Such issues include the impact of the spacer on the shape of
larger bubbles and the model’s ability to bring fast enough the gradually distributed void fraction
at the exit of the spacer back to the center-peaked shape. Another factor affecting the accuracy of
simulations, which is not accounted for in the model, is the increasing contribution by small
nearly-spherical bubbles when moving further downstream from the spacer (see Figure 17).

Experiment NPHASE-CMFD
450 mm (L/Dp past spacer=13.24)

0 20 40 60 80 100 120

Figure 23. Case 1-3: Void fraction distribution comparison between simulation and
experiments with spacer at 450 mm and 650 mm locations downstream from the spacer (scale in
percent void). The experimental color contours have been generated using the “Maxwell No Cut”
method of data processing. (length units are mm)
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An unexpected experimental flow pattern can be observed by examining the transition in the
lateral void distribution between 250 mm (Figure 22) and 650 mm (Figure 23). Specifically,
whereas a center-peaked distribution similar to the conditions in Figure 19 can be seen at 250
mm, the effect of gradual void spreading between the subchannels can be clearly seen at 450 mm
and 650 mm. One possible explanation is due to a weak but persistent effect of the spacer-
induced secondary flows around the rods. Interestingly, a trace of similar trend can be seen in the
results of calculations, which again confirms the overall physical consistency of the model.

It is interesting to notice that whereas the spacer causes breakup of large bubbles,
immediately downstream from the spacer nearly all bubbles still concentrate near the centers of
the subchannels. This is mainly due to the effect of turning blades on pushing the liquid phase
toward the rods. However, as the distance from the spacer increases, the center peaks become
less pronounced and the void gradually spreads over most of the flow area.

The void plots and data points across the diagonals of the rod bundle at a distance of 50 mm
downstream from the spacer are presented in Figure 24. As can be seen, the calculated and
measured void distributions in the four outer-most sub-channels are in a good agreement. As for
Case 1-1, both the calculation and experiment show again local near-wall increases along
diagonal D1, which can also be seen in the color images in Figure 22.
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Figure 24. Case 1-3: Void fraction distribution 50 mm downstream from the spacer:
(a) diagonal D1, (b) diagonal D2 (see Figure 19 for a location reference).

Both the experiment and the calculation indicate higher void fraction peaks in the peripheral
sub-channels as compared to the internal channels. However, in the internal channels the
calculation shows higher void peaks than those in the experiment. Those peaks are consistent
with the narrow strips of higher void predicted by NPHASE-CMFD at the same axial location, as
seen in Figure 22. They are the leftovers of the center-peaked distribution at the inlet to the
spacer. The observed differences also reflect the effect of complex spacer geometry on bubble
shape, which contributes to the uncertainties of model’s predictions.

At the same time, the orientation and shape of the mixing vanes explain the reason why the
local peaks in the internal channels along the D1 diagonal are very narrow and those along the
other diagonal are relatively wide. An examination of the color contours at 50 mm shows that the
subchannel area-averaged void fractions in the internal subchannels from the calculation agree
reasonably well with the data. Overall, the same model has been applied to two different cases
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and produced consistent results. The results of simulations confirm physical consistency of the
overall model and show varying degrees of agreement, from quite good to only reasonable,
against the experimental data. The observed differences are due to the combined effects of
modeling assumptions and experimental uncertainties. Details of such uncertainties and their
quantification are discussed in Section 2 and in Section 3. Specifically, it can be seen that the
order of magnitude of most differences, and thus the accuracy of predictions, is compatible with
the discrepancies in the experimental results caused by the different data processing methods,
and the limitations of selected modeling assumptions. The modeling decisions can only be
influenced by what is known in the experiment, and the current results demonstrate that the
present modeling assumptions properly capture major trends governing the complex flow and gas
concentration patterns in multiple-rod assemblies with turning-vane spacer grids.

6. Conclusions

Local patterns of two-phase flow in the complex geometry of a square rod bundle with spacer
grid have been analyzed both experimentally and using a computational model. Two methods of
processing the raw experimental data from a wire-mesh sensor have been discussed: the “Linear
Cut” method which has been used before, and a newly introduced “Maxwell No Cut” method. It
has been shown that the new method is more consistent and its overall accuracy has been
confirmed by comparing the average measured void fraction with a drift flux model that was
validated against the existing database for flow along smooth rod bundles w/o spacers.

The model has been based on the ensemble-averaged RANS-level two-phase flow multi-field
conservation equations, and has been encoded in the NPHASE-CMFD computer solver. The
objective of the study was to analyze two specific SUBFLOW experiments, each pertaining to
different flow conditions and thus requiring a different modeling approach. Specifically, Case 1-
1 represents a low volumetric gas flow fraction of small dispersed bubbles, whereas Case 1-3
deals with a higher gas flow and large predominantly deformed bubble.

It is well known that gas/liquid flows cover a broad spectrum of patterns (or regimes). Even
at low relative gas superficial velocities, bubbles of different sizes can frequently be observed.
Whereas the multi-field modeling concept is applicable to poly-dispersed bubbly flows, the
formulation of a complete model for such situations requires that several closure laws be used
which normally involve a large number of adjustable parameters. Consequently, model
validation involves a lot of tuning. This, in turn, normally leads to increasing uncertainties of the
predictions with the increasing level of model complexity. Consequently, it is important that
model formulation be based on a thorough analysis of dominant phenomena, limiting the number
of adjustable constants and secondary-level closure laws.

The basic factor behind modeling the differences between Case 1-1 and Case 1-3 was the
bubble size relative to the threshold value, which affects the direction of lift force. Based on
examining the available evidence, including both physical and virtual experiments, it has been
concluded that for the SUBFLOW experimental conditions the critical bubble diameter, beyond
which the shape distortion occurs, is less than 5 mm.

The analysis of the measured bubble size distribution for Case 1-1 revealed that the majority
of bubbles were of 3 mm to 4 mm diameter range, with an average value of 3.73 mm and a
standard deviation of 0.62 mm. For such a magnitude and narrow range of bubble sizes, it has
been concluded that the most appropriate and consistent approach is to use a two-fluid model of
monodispersed bubbles. A comparative analysis between the computer simulations and the
measured values has provided results that reflect the effect of the complex flow pattern induced
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by the presence of the spacer grid. Phenomena such as the accumulation of small bubbles close
to the surface of solid rods, their transport to the center of the subchannels due to the swirl
induced by the spacer vanes, and their return to the walls accompanying the decay of the swirl
with a growing downstream distance have been predicted qualitatively quite well, whereas the
quantitative discrepancies in most calculations have been maintained within reasonable practical
limits. Some of the experimental findings, such as the azimuthal non-uniformity of the void
fraction distribution around the rods at low gas concentrations could not be reproduced by the
model since they are very likely due to manufacturing tolerances of the gas-injection device,
geometry interactions, and accuracy limits imposed by the wire mesh dimensions on small
bubble detection.

In Case 1-3, carrying out a consistent comparison between the calculation and the experiment
has been a more complicated task, mainly due to the uncertainties associated with the modeling
of drag and lift forces. The fact that the drag force for deformed bubble flows is primarily a
function of the ratio of drag coefficient to bubble diameters allowed the rationalization of the use
of a two-fluid model in this case as well. However, several other factors affected the accuracy of
predictions, the most important of which include: the fact that the existing expressions for the
drag coefficient are based on area-averaged parameters, the range of experimentally-observed
bubble deformation criteria, and the range of proposed values for the lift coefficient after the
transition. In comparison to the above, ignoring the presence of a low fraction of small bubbles
had a negligible effect on the results. Nonetheless, the structures directly induced by the complex
geometrical boundary conditions imposed by the spacer grid and its vanes have been predicted
quite well in the region at a short distance downstream of the spacer grid. Further downstream,
the deviations become larger, since here the swirl gradually decays off and the interfacial force
balance takes over as the main structure-governing effect.

Among the quantitative findings, it is remarkable that the model can reproduce the slightly
higher void peaks in the corner subchannels of the experimental bundle. On the other hand, a
certain overestimation of the void fraction peaks by the calculations is notable, since it cannot be
attributed to the measuring uncertainty of the wire-mesh sensor. Nevertheless, the calculated
average void fraction has agreed well with the measurements.

The major findings of the current study include the following:

» Experimental confirmation that the proposed models of interfacial forces, which are
normally used for gas/liquid flow in circular pipes, are still applicable in the modeling of
lateral void distribution in multiple rod assemblies.

» Confirmation of the effect of dominant bubble size on void distribution.

» Confirmation that the wire mesh sensor is capable of capturing the effect of spacer on
bubble size distribution.

» Theoretical explanations of the impact of complex-geometry spacer grids on local flow
field and phase distribution.

Discussion of the importance of assessing the modeling uncertainties (or imperfection) on
proper interpretation of the combined results of measurements and simulations.

As mentioned above, the main theoretical and computational goals of this work have been to
demonstrate that the current model is capable of reproducing the major experimental trends
associated with the impact of the spacer with mixing vanes on the flow field and phase
distribution in a multiple-rod assembly for two cases, one of which pertains to small spherical
bubbles (Case 1-1), the other to predominantly large deformed bubbles of different sizes (Case
1-3). The common feature of both cases is the applicability of a two-field model. Needless to

37



say, the current model can be extended in the future to a multi-field multiple bubble-group
format, and be used to analyze two-phase flows which involve a broad spectrum of bubble sizes,
such as those observed in some of the other SUBFLOW experimental cases listed in Table 1.
However, future studies should also address the following issues:

» Enhanced model’s ability to account for the effect of swirling liquid flows on transition to

fully-developed conditions downstream from the spacer.

» The effect of possible bubble-bubble interactions (coalescence and/or breakup) on local

void fraction downstream from the spacer.

» The effect of spacers of various geometries on bubble shape.

Whereas the advantages of the multi-field concept of modeling two-phase flows are
commonly recognized, including its computational efficiency and applicability to a wide range
of complex system geometries and operating conditions, the predictive capabilities of such a
class of models can, and should, be still improved. It is anticipated that a meaningful progress
can be made in both our understanding of the underlying two-phase flow physics in general, and
in enhancing the accuracy of predictions for complex two-phase systems in particular, by using
novel experimental techniques combined with virtual experiments based on DNS/Interface-
Tracking simulations to develop new and improved mechanistic ensemble-averaged closure laws
compatible with the multi-field conservation equations.
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Superscripts and Subscripts

b bubble

D Drag

k Phase indicator

[ Liquid

L Lift

V vapor

r relative

TD Turbulent Dispersion
VM Virtual Mass
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