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Abstract.

Two-phase flows can be found in a wide variety of industrial applications, so understanding the process of phase change
is of crucial importance for the operation and safety of many industrial equipment, including nuclear reactor. The high
capacity of Computational Fluid Dynamics (CFD) code to predict multi-dimensional thermal-hydraulics behavior and
multiphase flows, allied to the increased availability of capable computer systems, are making CFD a good tool to simulate
single and two-phase phenomena of thermal-hydraulics nature in nuclear reactors. The present work proposes a study
of subcooled flows to better understand the Eulerian RPI (Rensselaer Polytechnic Institute) wall boiling model and its
closure models, existing in the commercial code ANSYS - Fluent, through analyses of mesh refinement and turbulence
model impact on this model. Numerical results of CFD simulation compare favorably with available numerical and
experimental data.
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1. INTRODUCTION

In the nuclear industry, pressurized water reactors operate in a high pressure, avoiding boiling of primary coolant.
However, the production of located small quantities of bubbles at the wall of fuel rods is acceptable, which characterize
the regime of subcooled flow. To ensure the safety of nuclear reactor, it is important to well understand the phase change
in this environment.

Computational fluid dynamics (CFD) method is a good tool to simulate multiphase thermal-hydraulics phenomena, as
well as phase change, due to the wide rage of experimental correlations implemented in these commercial codes, including
ANSYS - Fluent. Combined with the increasing of computational capacity, CFD is becoming a good tool to increase the
accuracy of nuclear safety analyses, helping people to better understand the physical phenomena in those systems.

The Eulerian RPI (Rensselaer Polytechnic Institute) wall boiling model, already implemented in Fluent, has been
chosen as the phase change model for the simulations based in observations of Gu et al. (2017) and Filho et al. (2016).
This model is initially presented in the present paper with a brief review of mathematical models used by the CFD code.
After that, two 2D axisymmetric cylindrical geometry, well documented in literature (after experiments of Bartolomei and
Chanturiya (1967)), are presented with a mesh convergence study.

In this work, the main objective is to understand the use and implementation of RPI wall boiling model in Fluent and
evaluate the impact of mesh fineness, different turbulence models and closure models on a subcooled flow.

Once Fluent RPI model have been well understood, it will be applied in future works to the coupled neutron kinetics-
thermal-hydraulics model with continuous feedback previously developed in Ribeiro (2017), given the capacity to perform
dynamic analyses of a PWR subchannel during disturbances and accident scenarios with boiling of the primary coolant.

2. MATHEMATICAL MODELS AND METHODS

Two 2D axisymmetric cylindrical geometries have been developed allowing the study of impact of the RPI wall boiling
model in a subcooled flow. The simulation of the mathematical model includes the continuity equation, momentum
equation, and energy equation for each phase, and k-¢ and k-w SST turbulence models.
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2.1 Conservation equations

Continuity equation:
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Energy equation:
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where o, p;, W, S;, pi, 74, h; and q, denote, respectively, the volume fraction, density, velocity, source term, pressure,
stress tensor, specific enthalpy and heat flux for phase i. ();; and r;; are the energy and mass transfer from phase ith to
jth. And ¥p ;, Fr i, Foui i, Fra; and F,,,, ; are, respectively, the drag force, lift force, wall lubrification force, turbulence
dispersion force and virtual mass force.

2.2 k-¢ turbulence model

The standard k-e model is a two equations model, derived from Reynolds-averaged Navier-Stokes equations (RANS),
based on model transport equations for the turbulence kinetic energy, k, and its dissipation rate, €.
Turbulence kinetic energy, k:
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where C'. and Cs, are constants, F;; is the deformation rate and f, is the turbulent viscosity:
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where C, is a constant.
2.3 k-w SST turbulence model

The k-w SST model is a two equations hybrid model that solves near-wall flows using the k-w model and the fully
turbulent development region using the k-e model. Its equations are also derived from RANS equations and can be

described as follows (Vieira, 2014).
Turbulence kinetic energy, k:
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and the turbulence viscosity is given by
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where S is an invariant measure of strain rate.

2.4 RPI wall boiling model

The RPI wall boiling model was developed to model the energy directly transferred from the wall to the fluid. In this
model, the total heat flux, from the heated wall to the working fluid, is partitioned into three components: the convective
heat flux (gc¢), the quenching heat flux (gg) and the evaporative heat flux (¢z).

aw = qc +49q + 4E- (11)

The convective heat flux can be expressed as:

gc = he(Tw — T;)(1 — A), 12)

where h¢ is the single phase turbulent heat transfer coefficient, T, and T; are, respectively, the wall and fluid temperatures
and Ay is the proportion of heated wall covered by nucleating bubbles:
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where K is an empirical constant:
Jasub
K =4.8¢~ 750 (14)
and Ja, is the subcooled Jacob number:
Ci ATy,
Jaaup = M7 (15)
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where ATy, is the liquid subcooling, Cp,; is the specific heat of liquid, p; and p, are, respectively, liquid and vapor
density and hy, is the latent heat of evaporation.
The quenching heat flux can be expressed as:
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where k; is the thermal conductivity of liquid phase, 7 is the periodic time and ); is the difusivity.
The evaporative heat flux can be expressed as:

Ay(Tw — To), (16)

dr = VdefP - Uhlm (17)

where V is the bubble volume based on the bubble departure diameter.
2.5 Closure models for the RPI wall boiling model

The calculation of the heat flux components, g¢, gg and gg, depends on the characteristics of bubble nucleation,
growth, and departure in the subcooled flow boiling process. The most important parameters of the RPI wall boiling
model are the active nucleation site density (/V,,), bubble departure diameter (D,,) and bubble departure frequency (f).
However, these parameters cannot be theoretically derived because of the complex physics of wall boiling, closely related
to the wall surface properties. Therefore, a series of empirical correlations have been proposed.
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Two models for the active nucleation site density (/V,,) were used in this work. The first one was proposed by
Kocamustafaogullari and Ishii (1983). When applying the correlation to forced convective nucleate boiling, an effective
superheat is used to replace the actual superheat in the model, as:

f(P*) 40Tsat i
N, = , 18
D2\ pyhiyDyAT, (18)

where T, is the saturated temperature, AT, is an effective superheat and f(px) is a function of the density:

f(px) = 2.1572107 7 (px) ~32(1 + 0.0049p%)*13, (19)

with px = LP_"”).
The second N,, model was proposed by Lemmert and Chawla (1977) while investigating pool boiling of saturated

water. It can be described as:

NW =C" (TW - Tsat)n 5 (20)

where n and C' are empirical parameters, assumed as 1.805 and 210, respectively, based on recomendations made by
Kurul and Podowski (1991).

Forces acting on a bubble reach the balance state when the bubble starts to detach from the surface, allowing cor-
relation to be derived based on such balance. Bubble departure diameter (D,,) is a function of contact angle, thermal
properties and the mass flux. This work also uses two models for the departure diameter. The first one was developed by
Kocamustafaogullari and Ishii (1983):
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where o is the surface tension and ¢ is the contact angle in degrees.

In equation 21, prefix factors are used to reduce the dependence of D,, on the liquid / vapor density ratio at higher
pressures.

The second D,, model used in this work was developed by Unal (1976) while doing experiments to establish corre-
lations to the growth rate. The model considers that if the bubble does not collapse it will departs from the wall after
reaching a maximum size.
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where p is the operational pressure, Ts,, = Ty — Tsq¢ is the wall superheat, Uy is the flow velocity near the wall and
Uy =0,61m/s.

Departure frequency (f) denotes, in subcooled boiling process, the cycle of bubble generation, growth to the size
D,, and detaching from the wall at one given nucleation site. The widely used correlation, also used in this work, was
developed by Cole (1960):

_ 49(Pl - pv)
T=\ 30D (20)
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2.6 CFD model

In order to reduce computational costs, the subcooled model can be reduced to a 2D axisymmetric model, shown by
figure 1.
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Figure 1: 2D axisymmetric geometry (Gu et al., 2017).

With the objective of validating the Eulerian RPI model for future uses, numerical simulations were conducted us-
ing two combinations of geometries and conditions of experimental studies of Bartolomei and Chanturiya (1967) and
G G Bartolomei and Mikhailov (1982).
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Figure 2: Simulation domain and boundary conditions for case A (Filho ef al. (2016) - adapted).

Figure 1 shows the geometry used for simulations of case A (see table 1). Although the cylinder is represented as a
2D geometry, an axisymmetric model was used for all subcooled simulations.

For simulations of case B, a 2D axisymmetric model of a cylinder with inner diameter of 12.0 mm and length of 1.5
m was used.
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Table 1: Initial and boundary conditions for the subcooled model.
Parameter Case A | Case B
Operational pressure (MPa) 4.50 6.81
Inlet temperature (K) 472.39 | 521.00
Saturation temperature (K) | 530.59 | 557.12
Wall heat flux (kW/m?) 570.00 | 440.00
Mass flux (kg/m?) 900.00 | 998.00

Properties of liquid water (first phase) phase were considered variables (compressible flow) according to the piecewise-
linear interpolation method. However, for proper treatment of the two-phase flow with phase change using a CFD code,
properties of the vapor (second phase) phase were considered constant, as well as its temperature, constant at the saturation
temperature (7s,; = 530.59 K).

Two different combinations of closure models were chosen based on Gu et al. (2017) study:

Table 2: Closure models combinations.

Combination Ny Model Dy Model f Model
Cl Lemmert-Chawla Unal Cole
C2 Kocamustafaogullari-Ishii | Kocamustafaogullari-Ishii Cole

3. RESULTS

The study of subcooled flows at the present work focuses on the influence of mesh finesses and turbulence models on
the RPI wall boiling model. Therefore, results for the k-¢ and k-w SST turbulence models are compared to results from
Gu et al. (2017) using the mesh with better commitment between precision and calculation velocity. All simulations use
case A from table 1, except when indicated.

3.1 k-e model

A mesh sensitivity study for the cylindrical axysimmetric geometry was performed using the k-e standard turbulence
model.
Table 3 shows the influence of mesh refinement on the vapor void fraction at outlet for five different meshes.

Table 3: Mesh sensivity study for k-¢ model.

Mesh number | Radial refinement | Axial refinement | Number of nodes | Vapor void fraction
01 10 95 950 0.509
02 15 110 1650 0.506
03 20 125 2500 0.504
04 25 140 3500 0.504
05 30 155 4650 0.504

Based on the results presented by table 3 and figures 3a and 3b, mesh number 03 can be chosen as the best mesh.
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Figure 3: Mesh sensitivity study using k-¢ model: (a) vapor void fraction behavior; (b) Liquid temperature
behavior.

3.2 k-w SST model

Using the same geometry, a mesh sensitivity study was performed with the k-w SST turbulence model.
Table 4 shows the influence of mesh refinement on the vapor void fraction at outlet for four different meshes.

Table 4: Mesh sensivity study for k-w SST model.

Mesh number | Radial refinement | Axial refinement | Number of nodes | Vapor void fraction
01 10 95 950 0.510
02 15 110 1650 0.513
03 20 125 2500 0.514
04 20 1250 25000 0.514

A comparison between these four meshes through table 4 and figures 4a and 4b allows us to choose mesh number
03 for further calculations and shows the independence of axial refinement (see meshes number 03 and 04), due to the
predominance of axial behavior of subcooled boiling.
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Figure 4: Mesh sensitivity study using £-w SST model: (a) vapor void fraction behavior;(b) Liquid temperature
behavior.

Using both chosen meshes (one for each turbulence model), results of simulations with k-e and k-w SST turbulence
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models can be compared to numerical results obtained by Gu et al. (2017). Table 5, figure 5 and 6 summarize this analysis.

Table 5: Comparison of numerical results.

Parameter Gu et al. (2017) | Fluent k-¢ | Fluent k-w SST
Tsar (K) 530.59 530.59 530.59
Tsup (K) 58.20 58.20 58.20
Tin (K) 472.39 472.39 472.39
Traz wall (K) - 544.17 544.03
T ez liquid (K) - 530.42 530.22
Vapor vol. fraction at outlet 0.49 0.50 0.51
Beginning of boiling (m) 1.00 1.00 1.00
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Figure 5: Comparison of numerical results using k-c model: (a) vapor void fraction; (b) liquid temperature.
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Figure 6: Comparison of numerical results using k-w SST model: (a) vapor void fraction; (b) liquid temperature.

The k-w SST model is adopted for further calculations, as it presents similar results to Gu et al. (2017) and there are
no significant difference between turbulence models and k-w SST. It will be convenient to implement the RPI wall boiling
model into the coupled neutronic-thermal-hydraulics model previously developed, which also uses k-w SST turbulence
model.

Figure 9 shows the vapor void fraction (or volume fraction) at the last quarter of the 2D cylindrical geometry for the
mesh number 03 of k-w SST model mesh sensitivity study. Using this turbulence model, it is possible to see how vapor
begins to be formed at the heat wall until occupying the whole flow with vapor void fraction up to 0.50 at outlet.
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Figure 7: Vapor void fraction axial distribution.

3.3 Closure models for the RPI wall boiling model

A comparison between different combinations of closure models (see table 2) was performed to establish the best
combination against experimental data.
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Figure 8: Comparison of numerical results using closure models combinations from table 2: (a) vapor void
fraction; (b) liquid temperature.

3.4 Simulation of case B

Using the k-w SST model and the specific geometry for case B, but with same mesh discretization from mesh number
03 (previously validated for case A), this case was simulated showing the influence of different mass flux and operational
pressure on the model.
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Figure 9: Axial vapor void fraction for case B.
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4. CONCLUSIONS

The present work presents a study of Fluent Eulerian RPI wall boiling model which was able to demonstrate the
influence of turbulence model and mesh fineness in fluid temperature and vapor void fraction. The obtained results, in
accordance with literature numerical and experimental data, show the correct implementation of this model for two-phase
flows with phase change, for different mass fluxes and operational pressures.

A comparison of different combinations of closure models for the RPI wall boiling models shows that the combination
C1 from table 2 matches better with experimental data and can be used in a wide application scope.

For future works, in order to study the core behavior during scenarios of boiling of the primary coolant, RPI model
should be implemented together with the neutron kinetics-thermal-hydraulics coupled model with feedback reactivity, pre-
viously developed (Ribeiro (2017)), to predict two-phase flows behavior in nuclear reactors safety analyses in agreement
with power generation in the fuel.
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