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ABSTRACT 
 
A project is underway to develop an advanced two-phase flow modeling capability for the highly-scalable 
high-performance CFD code NEK5000 [1]. The goal of the project is to develop a new two-phase version 
of the NEK5000 code, named NEK-2P, to simulate the two-phase flow and heat transfer phenomena that 
occur in a Boiling Water Reactor (BWR) fuel bundle under various operating conditions. The NEK-2P 
two-phase flow models will follow the approach used for the Extended Boiling Framework [2, 3, 4] 
previously developed at Argonne, but will include more fundamental physical models of boiling 
phenomena and advanced numerical algorithms for improved computational accuracy, robustness, and 
computational speed.  
 
The NEK-2P code is being developed on the foundation of the NEK5000 CFD Code developed at 
Argonne which provides general high-fidelity single-phase flow modeling capabilities. The paper 
describes the model development strategy which has been adopted by the development team for the 
simulation of two-phase boiling flow phenomena typical for a BWR fuel bundle. This strategy includes 
the extension of NEK5000 solver to allow modeling of two-phase boiling flows, and the implementation 
of an Advanced Boiling Framework (ABF) using local inter-phase surface topology maps and topology-
specific phenomenological models. Results of initial analyses of selected experiments focused on boiling 
flow in a pipe with heated wall are presented.  
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1. INTRODUCTION 
 
It is highly desirable to understand the detailed two-phase flow phenomena inside a BWR fuel bundle. 
These phenomena include coolant phase changes and multiple flow regimes which directly influence the 
coolant interaction with fuel assembly and, ultimately, the reactor performance. Traditionally, the best 
analysis tools for the simulation of two-phase flow phenomena inside the BWR fuel assembly have been 
the sub-channel codes. However, the resolution of these codes is too coarse for analyzing the detailed 
intra-assembly flow patterns, such as flow around a spacer element. Recent work in Computational Fluid 
Dynamics (CFD) including the initial implementation of the Extended Boiling Framework in the CFD 
code STAR-CD, showed promising potential for the fine-mesh, detailed simulation of fuel assembly 
two-phase flow phenomena. 
  
The Extended Boiling Framework (EBF) [2, 3, 4] was developed for the fine-mesh, 3-dimensional 
simulation of the two-phase flow phenomena that occur in a Boiling Water Reactor (BWR) fuel assembly. 
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These phenomena include coolant phase changes and multiple flow topologies that directly influence the 
reactor performance. The EBF boiling models, which describe the inter-phase mass, momentum, and 
energy transfer phenomena specific for various local flow topologies, allow the simulation of a wide 
spectrum of flow regimes expected in a BWR fuel assembly. An overview of these models is included 
below in Section 3.The EBF was initially developed as a specialized module built on the foundation of 
the CFD code STAR-CD [5]. An effort is underway to port the EBF to the high-performance high-fidelity 
CFD code NEK5000 [1] which has initially been developed for the simulation of single-phase 
incompressible flow and is being extended to provide general two-phase boiling flow modelling 
capabilities.   
 
This paper describes the approach adopted for the development of the NEK-2P code which extends the 
NEK5000 capabilities to allow the simulation of two-phase boiling flow phenomena. The paper also 
describes the initial implementation and extension of the EBF methodology in the NEK-2P code and key 
two-phase flow phenomenological models. The EBF uses a local inter-phase surface topology map in 
conjunction with models for the inter-phase mass, momentum, and energy exchanges for the bubbly, 
droplet, and transition flow topologies. It also calculates the conjugate heat transfer using a wall heat 
transfer model that describes the heat exchange between the heated wall and the two-phase or single-
phase coolant.  Initial results of selected two-phase boiling flow experiment simulations are presented and 
compared with measured data. 
 
 
2. THE TWO-PHASE CFD CODE NEK-2P  
 
Nek5000 is a highly-scalable open-source transient CFD code developed at Argonne National Laboratory 
which has been recognized with the Gordon Bell prize in high-performance computing and has run on 
over one million processes on Argonne’s massively parallel Blue Gene/Q computer Mira. The code is 
based on the spectral element method and it is written in basic FORTRAN and C languages. The original 
Nek5000 was built for the simulation of single phase constant-density flows. A later version of the code, 
referred to as the Low-Mach version, was modified to allow the simulation of single-phase variable-
density perfect-gas flows. The project team decided to use the Low-Mach version of NEK5000 as the 
platform for the implementation of two-phase boiling modeling capabilities in Nek-2P. While a finite 
volume formulation is still being evaluated, the initial two-phase modeling capability is being 
implemented using the existing spectral method formulation. The development of the NEK-2P has 
followed a staged approach, beginning with the development of a homogeneous two-phase model and 
continuing with a more complex two-phase drift-flux model. The initial implementation of these two-
phase models has been completed and their formulation and assumptions are described below. A parallel 
effort to develop a two-phase two-velocity model for NEK-2P is also underway which will be described 
in a future paper. 
 
2.1. The Homogeneous Two-Phase Model of the NEK-2P code  
 
Because only one velocity field is available in the Low-Mach version of NEK5000, we decided to begin 
with the implementation of a homogeneous two-phase model. The main assumptions of the homogeneous 
model are: a) the local velocities of the water and vapor phases are assumed to be the same for each 
computational element, and b) the local temperatures of the water and vapor phases are assumed to be the 
same for each computational node. The phase transition from water to vapor is due to local enthalpy 
changes which in a reactor fuel assembly or in a heated pipe experiment are driven by the wall heat flux. 
The mass, momentum, and energy conservation equations are shown below:  
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The above conservation equations are reformulated similar to the Low-Mach number equations of 
Nek5000 as described in [6]. 
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The closure equations for the homogeneous two-phase model are given below: 

 
Density [kg.m-3]:  
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Thermal conductivity [W.m-1.K-1]: 
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Temperature [K]: 
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The continuity, momentum, and enthalpy equations 4-6 are solved each time step based on the 
current two-phase mixture conditions. Subsequently, the phase volume fractions are updated 
based on the calculated enthalpy field at each location. In next iteration, the updated mixture 
properties (Equations 7-11), i.e., density, thermal conductivity, and temperature are used to solve 
continuity, momentum, and enthalpy equations. This iterative procedure is performed until the 
specified flow convergence criteria are met. 
 

2.2. The Drift-Flux Two-Phase Model of the NEK-2P code  
 
The development of the drift-flux model is an intermediate step in the development of the two-
phase NEK-2P code. The approach selected by the development team is intended to extend the 
capabilities of the homogeneous two-phase model described above in a manner that minimizes 
the changes to the one-velocity two-phase solver and to provide a test-bed for the 
implementation of the Extended Boiling Framework while the two-velocity two-phase solver of 
the NEK-2P code is being developed. 
  
The drift-flux model accounts for the effect of different vapor and liquid velocities within the 
framework of the one-velocity solver. The current model allows different phase velocities, but 
assumes that the liquid and vapor have the same temperature in each computational cell. The 
calculation of the local liquid and vapor velocities requires the use of the Extended Boiling 
Framework as described below. The NEK-2P solves for the two-phase mixture velocity, defined 
as: 
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The vapor velocity uG and liquid velocity uL are related at each location by the local slip ratio 
Sj=uj,G/u j,L. To avoid potential numerical problems when a component of the liquid velocity 
becomes small, each slip ratio component is limited to a maximum value Sj < Sj,max. The 
conservation equations 4-6 are then re-formulated to reflect the effect of the different phase 
velocities:  
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Enthalpy: 
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The field constants *�+� and *�234 are obtained from the derivation of the new transport equations 13-
15 and are based on the gas-to-liquid velocity ratio S defined above: 
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The NEK-2P solver updates the mixture velocity defined in Equation 14 every time step, without 
accounting for the effect of the interphase forces. The vapor and liquid velocities 	
�; ��<��
�;� based on 
the updated mixture velocity are then updated accounting for the effect of the inter-phase forces during 
the time step (equations 18-21). The local inter-phase forces Fi are calculated using the local inter-phase 
surface topology defined by the Extended Boiling Framework described in Section 3 below. The updated 
vapor and liquid velocities 	
�2�=��<��
�2�=� are used to update the local slip ratio S used to calculate the 
coefficients Cmom and Centh in equations 16 and 17 above.  
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3.   THE ADVANCED BOILING FRAMEWORK  
 
The calculation of the mass, momentum, and energy inter-phase interactions is based on the use of the 
Extended Boiling Framework [2, 3, 4] which has been implemented in NEK-2P and is reviewed in this 
section. The NEK-2P implementation of the EBF introduces new features that allow a more rigorous 
treatment of the inter-phase interaction terms in the transition region described in Section 3.1 below and is 
referred to as the Advanced Boiling Framework (ABF). A brief discussion of the new ABF features is 
included in Section 3.2 below. The EBF is used in the implementation of the drift-flux model described 
above and for the analysis of the subcooled boiling experiments described in Section 4. The transition 
from the EBF to ABF is underway and it is planed that the two-velocity two-phase NEK-2P solver 
currently under development will use the ABF.  

3.1 Inter-phase Surface Topology Map and Local Flow Configuration 
 
Inter-phase interactions in multiphase fluids depend on both the area and the topology of the phase 
interface. Sub-channel thermal-hydraulic codes rely on flow regime maps to evaluate the interface 
topology using cross-section-averaged flow parameters. CFD codes, which divide the flow space into 
much finer computational cells cannot rely on the traditional sub-channel flow regimes, but must evaluate 
instead the local inter-phase surface topology. The ensemble of many computational cells with relatively 
simple inter-phase surface topologies can provide complex global topologies that include all the 
traditional sub-channel flow regimes. 
  
Most of the advanced CFD codes currently allow the simulation of dispersed flows only (bubbly or mist 
flows) where the flow topology is originally defined and remains the same in both space and time. This 
approach is applicable only to flows without topology changes and without sharp interfaces. Flow 
topology changes are typical for boiling flows in BWR fuel assemblies as illustrated schematically in 
Figure 1. Moreover, local sharp interfaces often exist in boiling flows, e.g., between Taylor bubbles and 
the near-wall film in slug flow, or between the gas core and the liquid film in annular-mist flow in heated 
pipes or rod bundles. The changing topology conditions typical for boiling flows in BWR fuel assemblies, 
including sharp-interface topologies such as the annular-mist flow regime, cannot be modeled accurately 
with topology-independent correlations used for inter-phase interactions in such flows. Meanwhile, it is 
essential to adequately describe these regimes in BWR channel simulations, since they govern near-wall 
film formation and evolution, which, in turn, determines important fuel assembly characteristics such as 
Critical Heat Flux (CHF) and wall dryout. 
 

 
 

Figure 1 Schematic view of upward flow in vertical channel with heated walls 
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The EBF boiling model uses a locally calculated topology variable to allow the following topologies: a) a 
bubbly flow topology with spherical vapor bubbles in a continuous liquid, b) a droplet or mist topology 
with spherical liquid droplets flowing in a continuous vapor field, and c) a transition topology which 
combines the features of the two previous topologies in various proportions. The local topology is 
determined in this model using a local topology map based on the local void fraction. This 1-dimensional 
topology map is illustrated in Fig. 2 together with the associated flow topologies. 

 
Figure 2 Inter-phase Surface Topology Map used for the Extended Boiling Framework 

3.2 The wall-cell sharp-interface topology 
The topology map discussed above does not address directly the presence of cells that contain a sharp 
single-connected interface, such as wall cells that contain a thin liquid film. Wall cells that satisfy specific 
conditions imposed on both the local void fraction and void fraction gradient are treated in the EBF 
boiling model as a special liquid film topology illustrated in Figures 3a and 3b. Because the EBF allows 
only one liquid and one vapor field in each cell, the wall cells can contain only a liquid film and vapor. As 
the liquid volume fraction decreases the liquid film, which initially covers the entire wall surface (Figure 
3a) is assumed to become unstable and to cover the wall surface only partially (Figure 3b). 
 

 
Figure 3: Wall cell topology in EBF and ABF 
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The ABF extends the EBF capabilities by allowing two liquid fields (continuous and dispersed) and two 
vapor fields (continuous and dispersed) in each computational cell. The ABF wall cell topologies 
corresponding to the EBF topologies discussed above are illustrated in Figures 3.c and 3.d. The liquid in 
the wall cell is now divided between the liquid film and the liquid droplets field. Because only one liquid 
velocity and one liquid temperature are defined for each cell, the droplet and film velocities and 
temperatures are the same. However, the partition of the liquid between the liquid film and droplets has 
important implications for the heat transfer between the heated wall and the two-phase coolant. The EBF 
wall-cell sharp-interface topology model has been shown to provide good predictions of wall temperature 
changes in STAR-CD EBF analyses of three CHF experiments [7] but later analyses of other CHF 
experiments with significantly different flow rates and/or wall heat flux have shown less satisfactory 
results.  The ABF wall-cell sharp-interface topology model including the explicit modelling of the film 
entrainment and the partition of liquid between the film and droplets in the wall cells have been shown in 
STAR-CD ABF analyses of multiple CHF experiments to provide good predictions of wall temperature 
changes in CHF experiment analyses over a wide range of coolant flow rates and wall heat fluxes [8].  

3.3 Inter-phase mass, momentum, and energy transfer models 
 
The inter-phase surface topology map is used to evaluate the interfacial area and inter-phase 
interactions. Three basic local flow configurations with specific interface topology are identified 
(bubbly flow, mist flow and sharp interface) and the interfacial area and inter-phase mass, 
momentum, and energy transfer models are defined for these configurations. In the domain 
identified in Fig. 2 as transitional topology it is assumed that a combination of basic flow 
configurations is present, and the quantities required for closure are found by determining the 
appropriate combination of mass, momentum, and energy exchange terms for the local flow 
topology. The most general transitional topology is illustrated in Fig. 4, and various other 
transitional topologies are obtained by retaining only a sub-set of the master-cell features.  
 

 
Figure 4: General transitional cell topology 

 
As demonstrated in [9], the use of the local inter-phase surface topology map allows the 
modeling of complex sub-channel-scale topologies that emerge from combinations of many 
computational cells with one of the local topologies shown in Figures 2 and 3. E.g., the typical 
sub-channel annular flow regime could be resolved into a distinct core flow region in which the 
gas phase is continuous and the local mist topology is used, separated by transition topology cells 
from a liquid film on the wall where the local bubbly topology and the wall-cell topology are 
used. 
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4.   RESULTS OF SELECTED BOILING FLOW EXPERIMENTS  
 
An effort to validate the two-phase models that are being implemented in NEK-2P, the two-
phase version of the NEK5000 code, has been initiated. The validation effort will rely on 
analyses of previous two-phase experiments available in the open literature or from 
collaborations with various experimental teams. The validation effort will also identify the need 
for additional CFD-quality two-phase boiling data that may require new two-phase flow 
experiments. The planned validation effort will include the analysis of multiple boiling flow 
experiments addressing a wide spectrum of two-phase flow phenomena relevant for reactor fuel 
bundles, following the approach used previously for the validation of the EBF models 
implemented in the STAR-CD code [11]. The experiment analyses presented in this section are 
only a first step in the NEK-2P validation effort and address a limited set of the two-phase flow 
phenomena of interest. It is noted, however, that they represent the first demonstration of the 
two-phase modeling capabilities implemented in the NEK-2P code.  

4.1. Subcooled Boiling Flow Experiment Simulations   
 
In this section, the homogeneous and drift-flux two-phase versions of NEK-2P are used to analyze a 
series of three subcooled boiling experiments performed by Bartolomei et al. [10]. These analyses are 
used to evaluate the performance of the bubbly-flow subcooled boiling models in the context of the NEK-
2P homogeneous and drift-flux formulations. The Bartolomei experiments are subcooled boiling 
experiments performed in a vertical heated tube as shown in Figure 5. The diameter and length of the 
vertical pipe are 12.03 mm and 1.4m, respectively. 
 

 
Figure 5: Schematic diagram of the Bartolomei experiment [9] 

 
 
The experiments covered a wide range of wall heat fluxes and mass flow rates. In these experiments wall 
heating is applied only up to 1m of the pipe height, where water boiling occurs near the heated wall and 
consequently steam is generated. Some vapor condensation also occurs as the bulk of the flow remains 
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subcooled, but the total cross-section vapor volume fraction increases gradually.  The rest of the tube 
wall, with a length of 0.4 m is in adiabatic condition. Only vapor condensation occurs in this section of 
the pipe due to the mixing of the vapor generated upstream near the heated wall with the sub-cooled 
liquid core. The operating conditions of the three experiments analyzed are shown in Table 1. 
 

Table 1. Operating Conditions for the experiments analyzed  
 

Experiments Mass Flux [G: 
kg/m2.s] 

Wall Heat 
Flux [qwall: 

W/m2] 

dT [K] 
(Tin-Tsat) qwall /G 

Exp#A 1000 80E4 55 800 
Exp#B 1500 80E4 39 533 
Exp#C 1500 120E4 63 800 

 
The cross-section average void fraction calculated for these three experiments with the 
homogeneous and drift-flux two-phase models in NEK-2P are compared with the corresponding 
measured data in Figure 6. The results obtained in a previous analysis [11] of the Bartolomei 
experiments with the STAR-CD two-velocity model using the EBF model are also included for 
comparison. The void fraction distribution calculated with the NEK-2P drift-flux model for experiments 
A-C is shown in Figure 7. 
 
The results shown in Figure 6 indicate that both the Homogeneous and Drift-Flux models implemented in 
NEK-2P describe reasonably well the vapor fraction evolution both in the heated section and in the 
adiabatic section of the pipe. A comparison of the results obtained with the homogeneous model as shown 
in Figure 6 indicates that the drift flux model results are generally closer to the measured data than those 
of the homogeneous model. This applies to the heated length of the pipe including the peak void fraction 
and to the adiabatic region of the pipe as well. The results of the NEK-2P drift flux model also generally 
closer to the experimental data than those obtained with the STAR-CD EBF models for all three 
experiments, with the exception of the heated section of the experiment C, where the void fraction 
calculated with STAR-CD follows closer the experimental results.  It is also observed in Figure 6 that the 
NEK-2P boiling models predict a somewhat higher location for the onset of wall boiling than that 
observed in the experiments. This could be due to the assumption of liquid and vapor temperature 
equilibrium in each computational cell which is built into both the homogeneous and the drift flux 
models. The STAR-CD EBF results, which were obtained with a two-fluid model that allows intra-cell 
vapor-liquid temperature non-equilibrium, provide a more accurate prediction of the initial vapor 
formation location. We plan to explore the effect of vapor-liquid temperature non-equilibrium when the 
NEK-2P two-fluid model becomes available. It is noted that the inclusion of turbulence models in the 
NEK-2P homogeneous and drift-flux formulations is still underway. In this work the turbulence effects 
are included by increasing the liquid viscosity and thermal conductivity by a multiplying factor which is 
dependent on the radially averaged void fraction at each axial location, as shown in Table 2. 
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Figure 6 Radially-averaged vapor fraction profiles along the length of the pipe for the three 
experiments analyzed 
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Table 2 Multiplying factors for thermal conductivity and viscosity 

 Heated Section Adiabatic Section 
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Where Gin is the inlet mass flux in Kg/(m2-s), qwall is the wall heat flux in W/m2, and � is the radially 
averaged void fraction at a given axial location.  
  
 

 
 

Figure 7 Vapor fraction distribution calculated with the NEK-2P two-phase drift-flux model in 
an axial cross-section of the three experiments analyzed 

 
 
5. CONCLUSIONS    
 
A project to develop an advanced two-phase flow modeling capability for the highly-scalable CFD code 
NEK5000 was described. The goal of the project is to develop a new two-phase version of the NEK5000 
code, named NEK-2P, which will simulate a wide spectrum of two-phase flow and heat transfer 
phenomena that occur in a Boiling Water Reactor (BWR) fuel bundle under various operating conditions.  
 
The paper described the status of the NEK-2P model development effort and the strategy adopted by the 
development team for the CFD simulation of two-phase boiling flow phenomena typical for a BWR fuel 
bundle. The NEK5000 solver has been extended to allow modeling of two-phase boiling flows. Both a 
homogeneous two-phase solver and a drift-flux two-phase solver have been implemented in NEK-2P. The 
drift-flux two-phase solver relies on the use of an Advanced Boiling Framework (ABF) which describes 
the inter-phase interactions using local inter-phase surface topology maps and topology-specific 
phenomenological models.  
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Results of initial NEK-2P analyses of several experiments focused on subcooled boiling flow in a pipe 
with heated wall are presented. The new NEK-2P drift-flux two-phase model provides a reasonably good 
description of the vapor void fraction evolution observed in the experiments, both in the heated region 
and the adiabatic region of the pipe. Some differences between the calculated and measured void fraction 
are observed in the low void region of the heated section of the pipe which are attributed to the 
assumption of intra-cell vapor and liquid temperature equilibrium used in the current two-phase models. 
This assumption will be removed in future work when the NEK-2P two-fluid model, which includes a 
two-temperature formulation, is completed. Future work is planned which will use the NEK-2P code to 
analyze multiple boiling flow experiments focused on a wide spectrum of two-phase flow phenomena 
relevant for LWRs. 
 
 
 
NOMENCLATURE  
 
Cp Specific heat [J/kg.K] 
d diameter [m] 
g gravity [m/s2] 
G mass flux [kg/m2.s] 
h enthalpy [J/kg] 
k thermal conductivity [J/m.s.K] 
F force vector [N/m3] 
p pressure [N/m2] 
q heat flux [W/m2] 
Q heat source [W/m3] 
S velocity ratio [uG/uL] 
t time [sec] 
T temperature [K] 
u velocity vector [m/s] 
� vapor volume fraction 
� density [kg/m3] 
� shear stress [kg/m.s2] 
 
Subscripts: 
G vapor 
in inlet 
L liquid 
m mixture 
sat saturation 
e external 
i inter-phase  
j spatial coordinate index [x, y, z] 
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