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ABSTRACT

To enable the design of a light water small modular reactor, the boiling flow inside a helical coil steam generator has
been simulated with the two-fluid model in Nek-2P. Nek-2P is the multiphase branch of the spectral element code
Nek5000. Details of the implementation of the two-fluid model and the included closure models are discussed. The
presented closure models include interactions for momentum, heat, and mass transfer between phases. Models for the
drag, lift, and turbulent dispersion forces are included. The complete model is fully consistent in the limits of both
phasic volume fractions approaching zero and is able to simulate flows of dispersed vapor, continuous liquid, dispersed
liquid, continuous vapor or any combination thereof. The closure models and their implementation in Nek-2P have
been validated by comparing to experimental data for a boiling flow, demonstrating excellent agreement. Results
from the simulation of the helical coil indicate strong phasic separation driven by the effects of buoyancy and inertia.
Significant differences were observed in the results compared to simulations performed using Star-CCM+, although

these differences were somewhat expected.
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I. Introduction

Small modular reactors (SMRs) have become a driving force in the nuclear power industry. The

design of these reactors presents a unique challenge to incorporate a relatively powerful reactor into



a small volume. The small size allows these reactors to be manufactured, rather than constructed,
which could greatly reduce the required upfront capital. However, a significant technical hurdle
remains how to cool these reactor designs. In fact, the issue can be exacerbated by the small size
and high power, where the available area for heat transfer is limited. This makes boiling heat

transfer an appealing solution for light water SMRs.

In order to fit a steam generator within a limited volume, a helical coil has many advantages. The
angled flow channel design allows a large number of flow tubes to fit in a relatively small volume
and they can be arranged in an efficient counter-flow pattern. Additionally, the Dean vortices that
develop in the flow inside a helical coil enhances the heat transfer. In combination with boiling,
this can lead to very high heat transfer coefficients. However, due to the relatively long tubes and
high external flow rates, flow induced vibration (FIV) can become a problem. The analysis for FIV

requires accurate modeling for the fluid flow both inside and outside of the helical coil.

The focus of this paper is on modeling the multiphase flow inside a proposed helical coil steam
generator tube. A complete model of boiling has been developed and implemented in the multi-
phase branch of the Nek5000 code, Nek-2P. The details of the implemented model are presented,
encompassing interfacial heat, mass, and momentum transfer, as well as a simplified boiling model
which generates the initial vapor at the heated wall. Results from the Nek-2P model are presented
along with results obtained from an independent multiphase CFD analysis performed with Star-

CCM+.

I. A. The Nek-2P multiphase CFD code

Nek-2P is a spectral element computational multiphase fluid dynamics code which has been de-
veloped at Argonne National Laboratory as a two phase version of Nek5000 [1]. Nek5000 is an
open-source code written in classical FORTRAN and C with parallelization implemented via MPI

and a third-party gather-scatter library [2]. Nek5000 was chosen as an ideal candidate for imple-

2



menting a multiphase model due to its impressive computational scalability and its well demon-
strated performance on leadership-class computing facilities [3]. The ability of Nek-2P to handle
complex boiling flows has already been demonstrated in conjunction with the Extended Boiling

Framework [4] and the recent implementation of the Advanced Boiling Framework [5].

Recent effort has been focused on the verification of the two fluid model implementation [6, 7].
Results from Nek-2P have been compared favorably to simple analytic solutions to the governing
equations for both adiabatic conditions and flows with interfacial heat and mass transfer. Addition-

ally, results have been compared to calculations performed with an independent model.

I1. The Two Fluid Model in Nek-2P

The two fluid model is based on the concept of interpenetrating fluids that can occupy the same
physical space. This relies on the ensemble averaging concept. By averaging a phase-indicator
function, the probability that any given point is occupied by a given fluid component can be de-
termined. This results in an estimation of the volume fraction of that fluid component and is the

foundation of the two fluid model.

Inter-phase interactions in boiling flows depend on the local inter-phase surface topology and are
determined by the Extended Boiling Framework (EBF) model implemented in NEK-2P. The EBF
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 ensemble of
many computational cells with relatively simple inter-phase surface topologies can provide com-

plex global topologies that include all the traditional sub-channel flow regimes.



I1. A. Governing Equations

The conservation equations for mass, momentum and energy for each fluid component ‘k’ are

given respectively as [8]
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where the superscript ‘2" indicates an interfacial quantity and M, and (. include the mass transfer
related momentum and energy exchanges respectively. Note that the kinetic energy and pressure-

work related terms have been neglected in the energy equation.

In the ensemble average approach, the interface is modeled. Consequently, the effects of the dis-

tributions of pressure, shear, and heat transfer on the interface are also modeled according to
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where I';, is the mass transfer rate from fluid component j to fluid component £, I'; is the mass
transfer rate from fluid component £ to fluid component j, and F, & gy are the explicitly modeled
interfacial momentum and heat transfer. These four terms represent the required closure relation-
ships. When combined with the axiom of continuity, >  «; = 1, and an appropriate interfacial

jump condition for pressure, these form a set of equations which can be solved for the phasic

volume fractions, velocities, enthalpies, and pressures of a multiphase system.



Using the above approximations for the interfacial terms, the governing equations can be rear-

ranged into the equivalent “non-conservative” forms
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The momentum and energy equations are very similar in form to the single-phase transport equa-
tions, the only difference being the added source terms for the multiphase interactions which are
normalized by the phasic volume fraction. The required normalization implies that these equations
represent conserved quantities per unit volume of the respective phase, rather than the computa-
tional domain. The non-conservative equations have been used as a reference for the development

of Nek-2P.

I1. B. Implementation in Nek-2P

The Nek-2P formulation of the two fluid model has been previously described [4]. It is built upon
a novel numerical approach for a low Mach number formulation. This approach was originally
implemented in Nek5000 for the simulation of reactive gaseous flows [9, 10]. Consequently, the
two fluid model implemented in Nek-2P is mass fraction based rather than volume fraction based.

The transport equation for the mass fraction of fluid component ‘%’ is given by
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where the subscript ‘m’ indicates a mixture quantity. The mass fraction is related to the volume

fraction by Y;, = aypr/pn and the mixture velocity is given by w,,, = > Yy .

The momentum equation is implemented as described by Eq. (8). It is modified slightly to include
only the net effect of mass transfer
Dy,

— - N 1 — — —
Pkﬁ = VP + V-1, + prg + — | Fi + Tpep (6 — ) | - (12)
673

The phasic shear stress is composed of both the laminar and turbulent shear stresses. However, in

this work a constant effective viscosity was used
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The transport equations for the mass fraction and energy are implemented as “passive scalars” in
Nek-2P and are convected using the mixture velocity. The energy equation is implemented for

fluid component ‘k’ as
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where ﬁk = U — U, is the drift velocity. Like the phasic shear stress, the phasic heat flux
is composed of both laminar and turbulent components. Turbulent heat flux is modeled using a

constant turbulent Prandtl number
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In this formulation, both fluid components are assumed to share a common pressure field. The

pressure equation implemented in Nek-2P is derived from the mixture momentum equation and is
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given by
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Here ¢ = Vi, is the divergence constraint and w = V X iy, is the mixture vorticity. Significant
effort has been focused on developing a robust numerical solution method, with further details

available in [5].

The available solvers for Nek-2P are identical to the solvers implemented in Nek5000. The imple-
mented equations are solved fully decoupled at each time step using Nek-2P’s standard Helmholtz
solver for the conservation of momentum, energy, and mass fraction equations. In order to main-
tain stability, a maximum CFL limit of about 0.4 was maintained. The interfacial interaction terms

are implemented fully explicitly using a second order extrapolation scheme.

III. Closure Model Description

The two fluid model is one of the most widely used and flexible models of multiphase flow. It
offers a reasonable amount of accuracy, but relies heavily on individual phenomenological models.
This is known as the “closure problem”. Development of more accurate closure models represents
an ongoing field of research wherein the state-of-the-art is moving away from correlation based

models towards physical, mechanistic based models.

A complete set of closure models for multiphase flow has been implemented in Nek-2P to simulate
the boiling flow in the helical coil steam generator. These are based on a set of interfacial models
developed for interactions between a continuous and a dispersed phase. This includes force models
previously used for simulating boiling flows [11] and a well accepted model for interfacial heat
and mass transfer. However, these models have been adapted to account for both phases existing

as either continuous, dispersed, or a combination thereof.



At the onset of nucleate boiling, a bubbly flow is typical with the liquid acting as the continuous
phase. In the helical coil, the phases are expected to show significant stratification to such a degree
that the vapor phase will act more like the continuous phase in some regions. The proposed model

accounts for this by allowing both phases to act as continuous and dispersed simultaneously.

I11. A. Interfacial Forces

Three interfacial force models are included: the drag, lift, and a turbulent dispersion forces. Due
to the normalization of the source terms in the momentum equation by the phasic volume fraction,
they must be treated consistently for flows at low volume fraction. To account for this, the forces
are calculated in reference to acting on the dispersed phase, ‘d’, and normalized to the dispersed

phase volume fraction directly.

A typical expression for the drag force has been used
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where an expression proposed by Ishii [12] for bubbly or droplet flows is used for the drag coeffi-
cient

24
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The dispersed phase characteristic diameter is represented by Dy, i.e. bubbles, D, or droplets, D;.

The relative Reynolds number is defined as
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The turbulent dispersion force is based on an expression formulated by Podowski [8]
ﬁ —>
ZD’d - CTDpckcv'aca (20)
d



where the recommended value for the turbulent dispersion coefficient is used, Crp = 2/3. In
the implemented model, a two-equation turbulence model is not included, so the turbulent kinetic
energy is estimated from the single phase liquid Reynolds number using a correlation for turbulent

intensity.

A typical expression for the lift force is also used

Frq
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Near the wall, the lift coefficient is corrected to account for the interaction of a bubble or droplet

with the wall [11]
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The nominal lift coefficient can then be determined independently. In this work, a value of C' ¢y =

0.025 was used.

II1. B. Determination of Continuous vs Dispersed Phase

To close the interfacial force model, the behavior of each phase must be determined, as either

continuous, dispersed, or both. A “topology parameter” is introduced based on the local vapor

volume fraction
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The critical volume fraction for transition between dispersed vapor and continuous vapor (a.,.) and
the region of mixed regime flow (¢) are inputs to the model. The use of the cosine function ensures

a smooth transition from one regime to the other.

The interfacial forces are evaluated for both dispersed vapor and dispersed liquid, represented by

the subscripts dv and dl respectively. The total force acting on each phase is then determined from
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By formulating the interfacial forces this way, the models are fully defined in the limits of either
volume fraction approaching zero, although interestingly this results in a non-zero relative velocity
at these limits. However, it does have the benefit of recovering single phase behavior for whichever

phase is continuous.

I11. C. Heat and Mass Transfer

The interfacial heat and mass transfer model assumes that an interface at the common saturation
temperature exists between the two phases. This interface can cause an imbalance in the sensible
heat transfered from one phase to the other, resulting in phase change. The source terms in the en-
ergy equation, Eq. (14), are also normalized to the respective volume fraction in the same manner
as the momentum equation. Similar care is taken to ensure a fully consistent model implementa-

tion.

The heat flux between the interface and either phase ‘k’ is given by

11\ H
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where a positive value indicates heat transfer to the interface. For the continuous phase, the heat

transfer coefficient is determined from the Ranz and Marshall [13] correlation

H, = (2 + 0.6\/RedPri/3> %. 27)

d

For the dispersed phase, convection within the bubble or droplet is neglected

Ad
H;=2—. 28
«=25. (28)

Due to the presence of phase change, the heat transfer must be evaluated independently for all four
of the possible fluid components: continuous liquid (cl), dipsersed vapor (dv), dispersed liquid

(dl), and continuous vapor (cv). The total heat transfer from the interface to each phase is then

given by
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and the net mass transfer rates can be evaluated as
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which are again, all fully defined for either volume fraction approaching zero.

In the momentum equations in the proposed model, the mass transfer terms must always be pos-
itive as only net generation of a phase can influence the non-conservative form of the governing

equation. That is, mass is always removed from a phase at its own velocity, which results in no
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change of the momentum per unit volume of the fluid

Dnetyp = max (Fk — 1 , 0) . (33)
Q. (673

To account for boiling on a heated wall, a simplified boiling model is included. This model is
identical in form to the interfacial heat transfer model, with the exception that interfacial area
density is added in the near wall-region once the liquid becomes superheated

A = Div().lexp (-1.5%@) , (34)

where y is distance from the wall. This effectively accounts for the interfacial area density of the

wall itself and provides the initial seed to generate vapor.

III. D. Validation

The complete closure model was validated by comparing to experimental data for the boiling
experiment performed by Bartolomei and Chanturiya [14]. This experiment has been used in
the past for the development and validation of well-accepted models for boiling flows [15, 16]. In
the experiment, 900 kg/m?-s of water at 4.5 MPa flowed upward through a circular test section of
15.4 mm internal diameter and a 2 m heated length. At the inlet, water was subcooled by 60°C and
in the test section the applied heat flux was constant at 570 kW/m?. The Nek-2P simulation used
constant fluid properties which were evaluated at saturation conditions for both liquid and vapor
and a constant value of 1.6 mm was used for the bubble diameter. This value corresponds to a
bubble Weber number (We = Dypu,. /o) on the order of unity for the selected conditions, where

o is the surface tension and u, is the relative velocity.

Results from the Nek-2P simulation are compared to experimental data in Fig. 1. This figure shows

the average cross-sectional vapor volume fraction. Excellent agreement between Nek-2P and the
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experimental data is observed. This is a strong indication that the models have been implemented

consistently and can accurately predict boiling flows.
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Figure 1. Comparison of Nek-2P simulation with the experimental data of Bartolomei and
Chanturiya [14]

IV. Results

The model described in the previous sections has been used to simulate boiling flow in a helical
coil steam generator. A section of the helical coil tube is simulated in which boiling flow occurs.
The simulated domain is a 12.6 mm diameter tube twisted into a left-handed helix with a radius of
0.5 m and a vertical pitch of 0.8 m. This corresponds to the conditions of an experimental facility
built and operated at SIET laboratories [17]. These dimensions are shown in the diagram presented
in Fig. 2. Although the diagram depicts only two turns of the helix, four complete turns (87) were

simulated.

Two cases were simulated, a low heat flux case at 75 kW/m?, and a high heat flux case at 150 kW/m?.
Both cases used water/steam at 6 MPa as the working fluid. At the inlet, single phase water at 50°C
below saturation entered at a mass flux of 800 kg/m?-s. The characteristic diameters for each phase

were set constant, with a bubble diameter of 1 mm and a droplet diameter of 0.2 mm.
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Figure 2. Diagram showing a helical coil with two turns.

Two computational meshes were used for the simulations to check for grid independence, a coarse
mesh and a fine mesh. Both meshes used the same distribution of elements, but were run at different
polynomial approximation orders. The coarse mesh used a 5" order approximation and the fine

meshed used 7" order. Cross-sections of both meshes are presented in Fig. 3.

IV. A. Nek-2P

Results for the high heat flux case are presented in Figures 4 — 7 as 2D slices normal to the mean
flow. Distributions of vapor volume fraction, liquid subcooling, liquid velocity, and vapor velocity
are shown at every half-rotation (7) after boiling begins. Volume fraction profiles are shown in
Fig. 4. Shortly after the onset of boiling at 2.57 from the inlet, the vapor quickly gathers near
the top of the tube with a slight offset towards the inside of the helix. Farther along the tube, this
stratification remains strong, generating distinct regions which are nearly entirely liqiud or vapor.
This stratification indicates that the flow is dominated by the effects of gravity an apparent inertial
force. Buoyancy carries the vapor to the top, while inertia forces the liquid outward (to the left

in the figures), resulting in the cresent shape. As boiling continues, the region of liquid becomes
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(a) coarse mesh (b) fine mesh

g

Figure 3. Cross sections of the meshes used for simulating boiling flow in a helical coil.
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Figure 4. Vapor volume fraction profiles at cross-sections along the helical coil for the high
heat flux case.
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thinner until only a sliver remains.

The liquid subcooling is shown in Fig. 5. A typical kidney-shaped profile develops in the single
phase liquid flow, which can be seen in the profile at 2.57. This pattern is quickly disrupted as
vapor is generated. In the areas where the vapor volume fraction is high, the liquid is forced into
thermodynamic equilibrium with the saturated interface. However, in the areas where the liquid
volume fraction remains high, it is slightly superheated. This is a consequence of the boiling

model, which requires the liquid to become superheated before it undergoes phase change.

-e

(a) 2.5 (b) 3.57 (c) 4.5
(d) 5.57 (e) 6.5 ) 7.57

Figure 5. Liquid subcooling [°C] profiles along the helical coil for the high heat flux case.

In Fig. 6 profiles of the liquid velocity are shown. The colormap represents the velocity of the
liquid normal to the slice plane and the vectors show the transverse components. In the first slice,
at 2.57, two symmetric Dean vortices can be seen. As the vapor volume fraction increases farther
downstream, the vortices remain oriented along a horizontal axis. In the regions dominated by

vapor, the liquid velocity is controlled by the falling droplets and the apparent outward inertial
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force. Finally, near the end of the coil, the Dean vortices are barely visible.

p— p—

; | —
0 05 1 15 2 25 3 35 4 45 5 55 89

(f) 7.57

Figure 6. Liquid velocity [m/s] profiles along the helical coil for the high heat flux case.

Profiles for the vapor velocity are presented in Fig. 7. The vapor velocity is also dominated by the
effects of gravity and the inertial force, moving directly opposite to the motion of the liquid. In the
first slice, the effect of gravity is apparent, with most of the vapor moving upwards towards the top
of the tube. Farther downstream after significant phase separation has occured, what little vapor

remains in the liquid regions moves quickly towards the interface between them.

For the low heat flux case, profiles of vapor volume fraction are presented in Fig. 8. These profiles
show very similar behavior to the high heat flux case. The most significant difference being that
the vapor is formed more slowly, as would be expected at lower heat flux. Other quantities, liquid

subcooling, velocity, etc., showed practically the same trends.
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Figure 7. Vapor velocity [m/s] profiles along the helical coil for the high heat flux case.
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Figure 8. Volume fraction profiles at cross-sections along the helical coil for the low heat flux
case.
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IV. B. Comparison with Star-CCM+

In order to provide a point of comparison, the helical coil steam generator was also simulated
using Star-CCM+. There were significant differences between the models used in Nek-2P and
Star-CCM+. Notably, the Nek-2P results lack a rigorous two-equation turbulence model. This
alone will cause large differences in the results. Consequently, the cross-sectional averaged vapor
volume fraction was chosen to compare the two results. This is shown in Fig. 9 along with a

calculation from a 1D homogeneous equilibrium model.

1

T
HEM
0.9  Star-CCM+
Nek-2P

0.8
0.7
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0.5 -
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Vapor Volume Fraction

0.2
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0 | | | 1 1 1
on In 2n 3n 4n 5mn 6n n

Axial Position

Figure 9. Comparison of cross-section averaged vapor volume fraction profiles for the high
heat flux case.

As expected, the HEM predicts the overall highest vapor volume fraction, since it does not allow
for any phase separation. Initially, the Nek-2P and Star-CCM+ results are very similar. They both
indicate that boiling begins at roughly the same location, although the Star-CCM+ result begins to
boil slightly sooner than the Nek-2P result. This is likely due to the inclusion of a subcooled boiling
model in Star-CCM+. Farther downstream, Star-CCM+ shows vapor generating more quickly
than Nek-2P. The turbulence model in Star-CCM+ predicts steeper temperature gradients near the
boiling wall compared to Nek-2P. This will result in higher near-wall temperatures, leading to an
increased boiling rate. With the addition of more physical models in Nek-2P in the near future,

more rigorous comparisons between the two codes will be made.
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IV. C. Heat transfer coefficient

Recent work by Xiao et al. [18] has compared experimental data to available correlations for boil-
ing heat transfer. In their study, boiling experiments with helical coils were performed using water
at high pressure. The measured heat transfer coefficients were then compared to results from seven
different correlations, two for subcooled boiling and five for saturated boiling. The correlation de-
veloped by Gungor and Winterton [19] was demonstrated to produce the best agreement, showing

an RMS error of 22.6%. This correlation is given by

Haw = EHpp + SHpool (35)
where
E=1+24(10")Bo"'® + 1.37X,,°% (36)
A
Hpp = 0.023—=- Re?® Pro-t, (37)
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The various dimensionless coefficients are the boiling number,Bo = ¢”/ Ghy,, the Lockhart-

Martinelli parameter,

1 T 0.9 pf 0.5 “ 0.1
g
- PrY (R (40)
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and the critical pressure ratio, P, = P/P..;;. Finally, M is the molecular weight of the fluid.

The values predicted by the Gungor and Winterton correlation are compared to the local heat trans-
fer coefficient calculated from the Nek-2P result in Fig. 10. Only the region of saturated boiling is
presented. It can be seen from the figure that the correlation and Nek-2P show a percent difference

of about 27%. This is consistent with the expected error from the correlation. Considering the
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simplified turbulence model used in Nek-2P will have a direct impact on the prediction of the heat

transfer coefficient, the agreement is quite reasonable.
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Figure 10. Comparison of the boiling heat transfer coefficient predicted by Nek-2P with the
correlation of Gungor and Winterton [19]

V. Conclusions

A consistent model of boiling multiphase flow has been implemented in Nek-2P, the multiphase
branch of Nek5000. The model accounts for interfacial momentum, heat, and mass transfer and
remains fully defined in the limits of zero phasic volume fraction for both phases. Additionally,
the model is able to successfully transition from a bubbly flow of dispersed vapor to a droplet flow
of dispersed liquid. This model has been combined with simplified turbulence and wall-boiling
models to simulate flow in a helical coil steam generator. The results showed very strong phasic
separation as a result of buoyancy and inertial effects. Initial comparisons between Nek-2P and
Star-CCM+ showed some expected differences. As more sophisticated models for boiling and
turbulence are included in Nek-2P, it is expected that these differences will become less signifi-
cant. Future work will focus on the inclusion of a two-equation RANS turbulence model and the

implementation of a subcooled boiling model.
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