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Abstract. The sensitivity of ANSYS FLUENT momentum models in the simulation of subcooled boiling flow is studied.
Aiming for the prediction of nuclear industry related transients, this paper intends to establish the foundation of more
specific applications in design and safety analysis of water-cooled nuclear power plants. For this, a heated channel is
modeled and submitted to forced convection boiling. Momentum equation components like turbulence, boiling and
interfacial transfer models are reviewed and systematically tested. Key parameters for estimation of simulation quality
are chosen allowing comparison and selection of proper modeling options. A set of promising models for the future
prediction of the critical heat flux is established, indicating the relevance of turbulent dispersion model in the void
fraction calculation.
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1. INTRODUCTION

A greater comprehension of two-phase flow phenomena is of major relevance for nuclear industry applications.
Even though a lot of resources have been spent studying its mechanisms and developing tools for its application in the
design and safety analysis of nuclear systems, many aspects of subcooled boiling flow behavior have yet to be fully
realized.

This relevance arises because water-cooled nuclear reactors are designed to operate under two-phase convection as
the primary heat transfer mechanism, meaning that the bulk coolant temperature is usually kept below its saturation
point. This heat transfer regime is named subcooled flow boiling and is characterized by the nucleation of bubbles at the
heated surfaces, their detachment and further collapse at the subcooled region (Collier and Thome, 1994).

The study of this specific flow regime is justified due to its influences on the heat transfer coefficient, on the reactor
core reactivity and on the boron deposition on the fuel cladding. Furthermore, two-phase regime can lead to abrupt
changes of pressure drop flow, causing flow instabilities that can put at risk the reactor safety and compromise the
power output.

For the complete evaluation of the subcooled flow boiling, two-phase modeling is essential for the prediction of the
thermal-hydraulic performance of water-cooled reactor cores (Wallis, 1969). Depending on the scope and main goal of
the analysis, different two-phase modeling approaches with different complexities must be applied.

The two-phase flow analysis usually accounts the relative motion between phase and, due to this reason, this
modeling is expressed by two set of transport equations (mass, momentum and energy), named two-fluid model. Each
set of transport equations is related to a phase and coupled to the other set of equations by interfacial interaction models.
Thus, the numerical solution of a specific phase property field depends on the other phase.

The traditional design tools in the nuclear industry to predict these phenomena are generally based in material
experiment data, aiming for conservative evaluations. However, aiming for more efficient systems, the application of
best-estimate programs is increasingly becoming more present (IAEA, 2009).

Therefore, this paper focuses on the estimation of the subcooled boiling phenomena with the CFD program
FLUENT 19.0, trying to define the proper models for this specific problem. The influence of the different models
applied to the momentum conservation equations are tested through simulations, while the obtained behaviors should be
analyzed and linked to foundations of each considered model.

2. METHODOLOGY

Subcooled boiling regime is obtained when the bulk temperature of the studied fluid is below its saturation point
while a portion of it, in contact with a heated wall, is already saturated. The application of this regime may be found in
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pressurized water nuclear plants. The experimental data related to this regime is usually obtained from water-cooled
flow inside heated pipes submitted to boundary conditions in the range of nuclear power plants operation.

Experiments from Bartolomei and Chanturiya (1967) are used as references for test cases of the sensibility study. Its
domain consists of a vertical circular pipe with internal diameter of 15.4 mm and heated stainless-steel walls, in which
water flows upward.

From the data available, only one case is considered for this paper, being characterized by: fluid pressure of
4.5 MPa, wall heat flux of 0.57 MW.m? and inlet mass flux of 900 kg.m?2.s. Bartolomei and Chanturiya (1967)
provide results of the following parameters: temperature of the inner surface of the channel wall, temperature along the
flow axis, bulk flow temperature and true vapor content (void fraction). Although experiment statistics are not provided
by this reference, these are the main parameters applied for the quality estimation of this paper’s simulations.

Once the domain was set, its geometry and discretization in meshes were elaborated considering a two-dimensional
axisymmetric flow through DesignModeler and Mesh, respectively, which are tools available in the student version
platform ANSYS WORKBENCH 19.0. Available in the same platform, the software FLUENT 19.0 were applied for
the flow solution, meaning the solution of the flow conservation equations.

Applying the Eulerian multiphase model available in FLUENT, the following equations for conservation of mass,
conservation of momentum and conservation of energy equations, respectively, were applied (ANSY'S, 2013a):

2 : .
a(“qpq) + V- (agpgVy) = Zp=1(tipg — hp) + S, ()

2 - ; ;
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Where a is void fraction, p, specific mass, V, velocity, m,, and m,, interphase mass transfer, S, the source term,
p fluid pressure, g gravity acceleration, R, interphase force, V,,, and V,, interphase velocities, F, external body
force, Ff.q lift force, F,,, wall lubrication force, F,,,, virtual mass force, F.,, turbulent dispersion force, h,
specific enthalpy, q, heat flux, S, source term, Q,, interphase heat exchange, h,, and hg, interphase enthalpy. These
variables are related to p-phase or g-phase and the bold style denotes vector.

The g-phase stress-strain tensor 7, is given by

Ty = aqug(W + W) + g (2 =211 ) V-V, T (4)
While the interphase force R, is given by

Yp=1Rpq = Xp=1Kpq (Vp - Vq) (5)

Where u, and 4, are the shear and bulk viscosity properties of g-phase, respectively, and K, is the interphase
momentum exchange coefficient.

Due to the great number of models available in FLUENT 19.0 for each term in Eqg. (1) to Eq. (5), an initial
combination of models was obtained from Li et al. (2011) by selecting the set that showed best agreement of results
with the experimental data from Bartolomei and Chanturiya (1967). Table 1 summarizes this model set which was
chosen as reference for the sensibility study.

Observe that, although Li et al. (2011) used Unal correlation (Unal, 1976) for bubble departure diameter, initial tests
did not obtain calculation convergence, which is the reason why this model was substituted by Tolubinski-kostanchuk
(Tolubinski and Kostanchuk, 1970). About the virtual mass constant, no information was presented and FLUENT’s
default value was applied.

Inlet profile information was not available in either Bartolomei and Chanturiya (1967) or Li et al. (2011). To set up
the domain’s boundary condition, preliminary simulations considering the same channel with non-heated walls were
carried out and the developed velocity, turbulence kinetic energy and specific dissipation rate profiles were applied at
the channel inlet. An arbitrary temperature profile with average value of 470 K was also imposed to the channel entry.

Considering the problem as a two-phase water flow, the liquid phase properties were set to be calculated through
linear interpolation considering the water states of 470.00 K and 530.60 K, both at the pressure of 4.5 MPa (Wagner and
Kretzschmar, 2008). The vapor phase properties are considered constant and are obtained from its saturation state at
4.5 MPa (Wagner and Kretzschmar, 2008), simplifying this phase energy equation.
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Table 1. Initial model set for sensibility study of subcooled boiling flow.

PHENOMENON

FLUENT SELECTED MODEL

Wall Boiling Model

RPI (Kurul and Podowski, 1991)

Turbulence Closure Model

k-omega SST (Menter, 1993)

Interfacial Drag Force

Ishii (Ishii, 1979)

Interfacial Lift Force

Tomiyama (Tomiyama, 1998)

Turbulent Interaction

Troshko-Hassan (Troshko and Hassan, 2001)

Turbulent Dispersion

Lopez-de-Bertodano (Lopez de Bertodano, 1991)

Interfacial Area

ia-particle (ANSY'S, 2013a)

Wall Lubrication

Antal-et-al (Antal et al., 1991)

Bubble Departure Diameter

Tolubinski-kostanchuk (Tolubinski and Kostanchuk, 1970)

Nucleation Site Density

Lemmert-Chawla (Lemmert and Chawla, 1977)

Frequency of Bubble Departure

Cole (Cole, 1960)

Area of Influence Coefficient

Delvalle-kenning (Del Valle and Kenning, 1985)

Interfacial Heat Transfer Coefficient

Continuous phase-Interphase: Ranz-Marshall (Ranz and Marshall,
1952)
Dispersed phase-Interphase: Lavieville-et-al (Lavieville et al., 2005)

Bubble Diameter

Unal (Unal, 1976)

Table 2. Model set variations for sensibility study of subcooled boiling flow.

CASE CHANGED CASE CHANGED
D. MODEL CHOSEN MODEL D. MODEL CHOSEN MODEL
Turbulent Simonin (Simonin and
Casel - Base case (Table 1) Casel? dispersion Viollet, 1990)
Interfacial Drag | Universal drag (Kolev, Turbulent Burns-et-al (Burns et al.,
Case2 Force 2005) Casel3 dispersion 2004)
Case3 Interfacial Drag | Symmetric (ANSYS, Caseld Turbulent Diffusion-in-vof
Force 2013a) dispersion (Sokolichen et al., 2004)
. Schiller-Naumann .
Cased Interfacial Drag (Schiller and Naumann, Casel5 Interfacial area Symmetric (ANSYS,
Force 1935) 2013a)
Interfacial Drag | Morsi-Alexander (Morsi . .
Caseb Force and Alexander, 1972) Casel6 Interfacial area Ishii (ANSY'S, 2013a)
Cases | Mnterfacial Drag | oo (cliftetal, 1978) | Casel7 | Wall lubrication | |Omiyama-et-al
Force (Tomiyama, 1998)
Case7 Interfacial Drag Tom!yama (Takamasa and Casel8 Wall lubrication | Frank (Frank et al., 2004)
Force Tomiyama, 1999)
Interfacial Lift Moraga (Moraga et al., A Hosokawa (Hosokawa et
Case8 Force 1999) Casel9 | Wall lubrication al., 2002)
Interfacial Lift Saffman-Mei (Saffman Bubble
Case9 ' Case20 departure Unal (Unal, 1976)
Force 1965) .
diameter
Interfacial Lift Legendre-Magnaudet Bubble Kocamustafaogullari-Ishii
Casel0 Force (Legendre and Case21 departure (Kocamustafaogullari and
Magnaudet, 1998) diameter Ishii, 1983)
. Lo Kocamustafaogullari-Ishii
Casell Turbule_nt Sato (Sato and Sekoguchi, Case2? Nucl_eatlon site (Kocamustafaogullari and
Interaction 1979) density Ishii, 1983)

Initial tests involved the verification of mesh dependence over results. For this, four two-dimensional meshes with
different refinements were considered: grids of 12.733, 25.980, 50.918 and 50.918 (denominated 50.918b) elements.
The first three meshes consist of uniform square patterns while the last one considers a bias (rectangular pattern)
favoring the refinement in the region near the wall domain. The square patterns are favored since the chosen key
parameters refer to cross section area averaged values or axial distributions. Despite ANSYS (2013b) declaring that
wall region refinement should be avoided in combination with wall treatment models, mesh 50.918b considers it to
study how it would affect the averaged parameters.
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The best cost-effectiveness mesh for the next cases was chosen based on the comparison of the key parameters
results with the referenced experimental data. This procedure comparison was repeated for each step described through
this paper.

With these considerations, a systematic evaluation of the available components models of the momentum equation
was conducted. This second group of simulations considers the change of the turbulence closure models, evaluating: k-
o SST (Menter, 1993), k-0 BSL (Menter, 1993), k-o Standard (Wilcox, 1998), k-& Realizable (Shih et al., 1995), k-¢
RNG (Yakhot and Orszag, 1986), k-¢ Standard (Launder and Spalding, 1974), Linear Pressure-Strain Reynolds stress
(Gibson and Launder, 1978) and Quadratic Pressure-Strain Reynolds stress (Speziale et al., 1991). These cases are
named in the results section as TurbO to Turb7, respectively.

As mentioned by ANSYS (2013b), there is no single turbulence model universally accepted as being superior for all
classes of problems and the proper choice depends on the model’s capabilities and limitations. Nevertheless, since the
available models were not developed with subcooled boiling phenomena in mind, this tryout is a necessary procedure.

Once the proper closure model was defined, the main course (third group of simulations) of this paper was started:
the variation of the different models available for each term in the momentum equation. Table 2 presents the tested
configurations.

The results were treated using FLUENT 19.0 and CFX 19.0 post-processor, used to extract the defined key
parameters. Besides the mentioned parameters, the void fraction radial profile was extracted in several transversal
sections of the simulated domain. Since no experimental data was available for comparing these profiles, these curves
were qualitatively compared looking for specific models’ behaviors.

3. RESULTS

The main results of the first group of simulations, consisting of the tests for mesh refinement sensitivity, are
presented in Fig. 1 to Fig. 3.

The wall temperature profile (Fig. 1) is insensible to the mesh refinement, except for the 50.918b mesh along the
first half of the channel length. Due to the refinement near the wall, this mesh was expected to show some improvement
when comparing with the experimental data from Bartolomei and Chanturiya (1967). However, since the experiment’s
inlet temperature profile is unknown, little can be said about the simulation’s overall quality, only that the observed
discrepancy decreases with development of the flow.

Almost the same insensibility may be observed in Fig. 2, which presents the evolution through the channel of the
area averaged void fraction. A slight increase of this parameter in the region downstream the Onset of Significant Void
(around 1.2 m) and by the end of the channel with the refinement increase (50.918b) are the only exceptions.
Nonetheless, all options show great discrepancies with the experimental data around the distance 1.6 m from the
channel inlet.

The void fraction increase induced by refinement is better observed in Fig.3, which presents the void fraction radial
profile at the axial position 1.7 m (relative to the channel’s inlet). It can be noticed that the profile gradient near the wall
is steeper with increasing refinement, indicating a better representation of nucleation and accumulation of bubbles in
this region.

The other key parameters, axial and bulk temperature profiles, are not presented since no significant changes were
seen.

” =%
2
g
g ——12.733
5 - - =25980
= ———50.918
= — - =50.918b
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0.0 0.5 1,0 1.5 2,0
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Figure 1. Wall temperature sensibility to mesh refinement.
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Figure 2. Void fraction sensibility to mesh refinement.
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Figure 3. Void fraction radial profile at axial position 1.7 m
sensibility to mesh refinement.

Figure 4 to Fig. 7 summarize the results for the tested turbulence closure models.

Figure 4 shows great discrepancies in the wall temperature results at the first quarter of the channel, but with all
calculations converging after this region. Results may be separated in two groups according to their behaviors: the k-
models (Turb0 to Turb2) and the other options (Turb3 to Turb7). This behavior is explained by the inlet boundary
conditions that were calculated using a k- model during the preliminary simulation since this data was not available in
the experiments reference. Other cases were initialized with default values and, with the flow development, this source
of discrepancies disappears. These results highlight the relevance of proper initial conditions for the reproducibility of
experiments.

The averaged area void fraction curves in Fig. 5 show insensibility to the turbulence model at the first half of the
channel length and at its end. Around 1.6 m, discrepancies of about 0.5 are seen among the simulation results. The k-¢
Realizable (Turb3) shows the best agreement to this parameter’s experimental data, mostly before 1.5 m. After this
length, all models’ results begin to converge.

The behavior at the first quarter of the channel for the axial temperature may also be explained by inlet boundary
condition mentioned for the wall temperature results. After the distance of 1.5 m, the simulation temperatures split
again between k- models and other options, but not due to boundary conditions issues in this case since Li et al. (2011)
presented the same behavior for the k-¢ models. Li et al. (2011) propose that the discrepancies may be explained by the
wall treatment methods applied for each turbulence model, since k-o models are the only models with intrinsic wall
treatments.

Figure 7 shows that the radial void fraction profile is more sensitive to the turbulence model choice, influencing the
curves average values and formats. The k-o models show no inflection points while other models present two
inflections. The curves’ concavities occur in different orders for k-¢ (Turb3 to Turb5) and Reynolds stress models
(Turb6 and Turb7).

From the presented results, Menter’s (1993) k-@ SST model is chosen as the best choice for the studied scenario.
This model was initially developed for aerodynamics (involving external shear flow), incorporating k-¢ formulation for
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free shear layers and its transition to standard k-o. Although both families of models depend on empirical constants,
their formulations have enough generality.
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Figure 4. Wall temperature sensibility to turbulence closure models.
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Figure 5. Void fraction sensibility to turbulence closure models.

540

. Tuwb0 Turb 1
2 330 fomee- Twb2 ===-- Turb3
o 320 Turb4 = = = Twrb§
Z 510 TurbG «-eeeeee Turb7
§ soo —>—Exp.
o)
g =
=
1,0 1.5 2,0
Axial position (m)

Figure 6. Temperature along the channel axis sensibility to turbulence closure models.



17th Brazilian Congress of Thermal Sciences and Engineering
November 25th-28th, 2018, Aguas de Lindéia, SP, Brazil

0.50 Turb0 Turbl
----- Turb2 -===-Tub3

_ 040 Turb4 — — = Twb5
k= Twbb  eeeeenees Twb7 &=
5 0,30
=
=
= 0,20
2

0,10

0,00

0,000 0,002 0,004 0,006 0,008

Radial position (m)

Figure 7. Void fraction radial profile at axial position 1.7 m
sensibility to turbulence closure models.

The results of the tests for momentum component models are presented in Fig. 8 to Fig.12. Since a total of 22 cases
were simulated in this group, a selection of the most interesting results is presented. It must be commented that not all
cases converged: most simulations had continuity residuals stuck around 10, while Case20 and Case22 did not
converge at all.

Case20’s non-convergence is unexpected since the flow conditions are inside the correlation range of Unal’s (1976)
model for bubble departure diameter. It is deduced that the combination of the chosen models leads to numerical errors
during FLUENT’s calculation, but studies beyond the focus of this paper are necessary to confirm. The same is
considered for the unexpected numerical errors occurring for Case22, in which Kocamustafaogullari and Ishii (1983)
pool boiling based formulation is applied for the nucleation site density estimative.

Wall temperature showed to be insensitive to most of the models mentioned in Table 2, presenting behaviors like the
one calculated for Casel (Base case) in Fig. 8. The exceptions are presented in the same figure. Casel8 presents the
smallest discrepancies with experimental data in the last quarter of the channel, while keeping it analogous to Casel
before 1.5 m. Since Casel18 applies the wall lubrication model from Frank et al. (2004), it shows that this model slightly
overpredicts Antal et al.’s model (1991), in which it is based, driving the vapor away from domain’s wall and leading to
the obtained temperature behavior.

Casel5 and Casel6 present a slight elevation of wall temperature in the last quarter of the channel’s length. These
cases apply Symmetric and Ishii models, respectively, being both modifications of the Particle model (ANSY'S, 2013a)
that ensure consistence in interfacial area estimation. Based on these formulations, it is deduced that other components
of the momentum equation are not accurate enough for the prediction flow’s void fraction or bubble diameters near
walls when considering the areas consistence restrictions.

The wall temperature rises continuously in Case2l, which considers Kocamustafaogullari and Ishii’s (1983)
correlation for bubble departure diameter based on pool boiling data. This temperature and the estimated void fraction
(Fig. 9) indicate that FLUENT calculates a more inefficient heat transfer regime than when applying Lemmert and
Chawla’s (1977) model.

Figure 9 presents a great variation of the area averaged void fraction in the second half of the channel depending on
the models applied. Most results present curves around the one obtained from Casel, like Case10 and Casel4. On the
other hand, Casel3 provided a very different profile that has a very good agreement with Bartolomei and Chanturiya’s
(1967) data.

Casel3 applies Burns et al.’s (2004) model for turbulent dispersion, which promotes the transport of discrete phase
by continuous phase. Its development considered the application in Eulerian multi-phase flows with a double averaging
procedure, being Lopez de Bertodano’s (1991) model a particular case of this formulation. Burns et al. (2004) validate
their model with bubbly flows in a vertical pipe data, indicating the applicability to this paper’s case.

Legendre and Magnaudet’s (1998) interfacial lift force model (Casel10) leads to a similar void fraction curve from
Casel3, yet still strongly underestimating experimental data. The estimated force is enough to promote transport of
discrete phase, but with an alternative mechanism.

Although Casel3 shows good agreement with the void fraction, Fig. 10 indicates that this model behaves similarly
to the k-¢ models around 1.6 m for the central line temperature. Meanwhile, Sokolichen et al.’s (2004) turbulent
dispersion model in Casel4 presents the best agreement with experimental data in the same region of the channel. The
dispersion promoted a void fraction distribution that favors this parameter estimative over area averaged void fraction

(Fig. 9).
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Figure 8. Wall temperature sensibility to momentum component models.
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Figure 9. Void fraction sensibility to momentum component models.
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Figure 10. Temperature along the channel axis sensibility to momentum component models.
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sensibility to momentum component models.

About the other turbulent dispersion options, Simonin and Viollet’s (1990) model applied in Casel2 did not present
significant discrepancies to the Base case, which applied Lopez de Bertodano’s (1991) formulation.

Figure 11 presents the bulk temperature evolution along the channel. This parameter is practically identical in all the
cases simulated, since it depends on the enthalpy gain along the channel. It should be observed that all simulations
executed showed difficulty to approach the constant temperature region of the last quarter of the domain. Casel5 and
Casel6, which presented inefficient heat transfer by the end of the flow’s domain (Fig. 8), obtained smaller temperature
rise in this region.

At last, the radial void fraction profile is presented in Fig. 12, which shows that Casel3 has a greater concentration
of bubbles near the wall than other models estimate. Casel’s curve exemplifies the general behavior of other options
and, when comparing with the results from Casel3 and Casel4, demonstrates the turbulent dispersion effect on this
distribution.

4. CONCLUSIONS

This paper summarizes a large amount of numerical experiment data obtained with the goal of looking for the key
components of the momentum equation modeling necessary for a good estimation of the subcooled boiling phenomena.
Results show that some model configurations may be appropriate only for specific flow parameters, demanding that the
objectives of the planned analysis (depending on its application) are well defined before choosing the proper model set.

The area averaged void fraction was most influenced by changes in the turbulent dispersion models. Casel3 (Burns
et al., 2004) presented the best agreement with this parameter’s experimental data, while Casel4 (Sokolichen et al.,
2004) had one of the worst results. Indeed, most models had difficulties to obtain the almost linear behavior of the
experimental data.
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Chosen models for interfacial lift force showed a lesser influence over the area averaged void fraction. In this
models’ group, Casel0 (Legendre and Magnaudet, 1998) led to a good agreement with experimental data with a
behavior similar to Casel4.

The correlation for bubble departure diameter in Case21 (Kocamustafaogullari and Ishii, 1983) led to the worst void
fraction prediction. At the same time, this case’s wall temperature monotonically raised through the channel’s length.
This indicates an unexpected poor heat transfer for the studied scenario.

Central line temperature was specially influenced by the turbulence models, predicting distributions with great
discrepancies with experimental data when void fraction reached values around 0.10. These models also have influence
in void fraction distribution that may be related to central line temperature behavior. In these aspects, k-o models
presented consistent estimations with the expected system behavior.

These observations point out relevant models and their options in the momentum equation for prediction of the
critical heat flux phenomena. The void fraction distribution, and its formation, represents a great concern to this
objective that needs, therefore, further investigation.
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