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INTRODUCTION
DESCRIPTION OF THE WORK

Currently, significant research efforts are being focused
on the thermal-hydraulics of the helically coiled tube, Overview
because of the improved compactness, performance and
reliability this can provide to heat exchanger design Nowadays, the application of two-phase flow CFD to
Helicoidal heat exchangers and steam generators atieermal hydraulic issues has become increasingly common in
extensivéy usedin industry and, in the nuclear fieldh, some  nuclear reactor research [5]. However, due to the significant
prototypes of innovative reactor designs such as the sodiurmodeling complexities, publications available for two-phase
cooled fast reactor. Nowadays, technical features of th#ow in hdical tubes are rather limited and most of them
helical pipe are mostly appealing for the compact design afegards an air-water mixture [6-8]. In these works, and also
integral Small Modular Reactors (SMRs), e.g. CAREM,in those where the steam-water flow is simuld&d0], an
SMART, IRIS and NuScale [1]. However, additional Eulerian-like multi-phase approach is often preferred. In this
understanding of several phenomena occurring in helicalork, the two-phase steamater flow inside a small portion
tubes is necessary to further increase safety and efficienof the IES test section helical tube is resolved. Main
during operationAmong others, heat transfer, pressure dropgeometrical parameters of the test section are listed in Table
free convection and flow instabilities. In particular, thel. Simulations assume adiabatic conditions and a steam-water
profile of two-phase flow pressure drop is a key aspect for themixture at the inlet of the tube. Exact experimental
design and optimization of the steam generator, but becausenditions, which were obtained by evaporating the water
of the complexity of the subject our knowledge and predictivénside a pre-heater while maintaining the test section in
capability is still incomplete and mainly based on adiabatic conditions, are recreated. More specifically, ten
empiricism. cases were simulated that cover the entire range of mass

It is known from literature that in some situations thequality from 0.01 to 0.93 (Table I1.).
pressure drop vs. quality profile for a vertical rectilinear pipe
may exhibit a small peak near the dryout zone [2]: pressureTable |. Geometrical features of IES test section

drop due to friction increases up to the thermal crisis and therinner tube diameter (m) 12.53e-3
decreases with mass quality approaching unity. In helically Coil diameter (m) 1.0
coiled tubes, experimental data show that such peak is mucfTube length (m) 32.0
more prominent and may lead to a large decrease of théTest section height (m) 8.0

pressure drop in the post-dryout zone. [3]. Responsible of this

behavior is the centrifugal force field that affects the Table Il. List of inlet mass quality for the ten simulatior
interaction of the fluid with the wall and the gas phase0.01 0.15 0.25 0.38 0.50 0.59 0.67 0.78 0.85 0.93
Nevertheless, the physics behind such a significant

discrepancy with respect to the rectilinear pipe has not beeover ning Equations of the CFD M odel
completely understood yet.

This work investigates the pressure dropdto-phase  The CFD model is based on the Euleridulerian two-fluid
steam-water mixture flowing inside a helically coiled tUbEapproach‘ After averaging, both phases becomes
under adiabatic conditions. A high-pressure two-phase flowhterpenetrating continua that are allowectteexist at any
is simulated using the ANSYS Fluent 15.0 Computationahoint with the relative weight between liquid and vapor
Fluid Dynamic (CFD) code. The specific geometfya test  quantified by the void fraction. Such approach does not allow
section (i.eIES facility, built and operated as SIET labs, in resolving the detailed topology of the two phases. Interfacial
Italy [4]) for forced flow experiences in a helically coiled transfers are entirely modelled with opportune closure laws
tube is modelled ra two-phase flow pressure drop that are mainly based on correlations with the average flow
measurements [3] are used to validate the CFD results. Onggnditions. Since experimental pressure drop measures have
validated, wall shear stress profiles available from the CFeen taken in adiabatic conditions, there is no need to solve
are analyzed to provide a physical interpretation for the peake energy equation and the two fluids are assumed in thermal
in the pressure drop profile. equilibrium at the saturation temperature.
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Fig. 1 Cross section and 3D view of the mesh

For the same reason, and because of the small length gfadually refined approaching the wall. The central part is
the geometry considered, constant thermo-physicahstead unstructured and coarser. The wall treatment adopted
properties are also assumed. For the@lmase, the governing in the CFD model allows a fine boundary layer, but does not

equations solved by the code are: require a very lowyvalue in the nearest wall cell. This is an
P) important featuré¢o control the number of elements and the
a(o(npn) + V- (0yppVy) = 0 (1) computational load, since the flow velocity of cases around

the dry-out point determine a quite high. Main mesh

d — S quality parameters are shown in Table III.
a (anpnVn) + V- (aypa Vo Vi) =

. 2 (2) Table Ill. Mesh quality parameters
=—a,Vp+ V- T, + a,p,g + Z My, Width of nearest wall cell (m) 1.33e-5
p=1 Max Skewness 0.36
Max Orthogonal Quality 0.64

The momentum exchange between the phaggsis
assumed to be due only to the drag force and other interfaciBbundary Conditions
force terms are neglected. Drag model is based on the
dispersed phase approach proposed by Kolev [11]. In this Due to the limited length of the domain considered,
method, a critical aspect is the size of the bubble/droplet. Thfslly-developed flow conditions were imposed at the pipe
has turned out to be a very sensitive parametssse impact inlet. These conditions were obtained from a set of
has been carefully analgdin Colombo et al. [7]. It has been preliminary simulations with a coarser mesh but of a longer
optimized to 0.1 mm, after having observed that lower valuesection of the pipe. The preliminary simulations use
generate convergence problems and higher values originaté@mogeneous flow at the inlet. The coarser mesh reproduces
a weaker interaction between the two-phases. a 3.14m-long helical tube (equal to one round of the IES test

Turbulence is modeled with thesenodel. The near wall - Section), and hasdensityof 4,274 volumes/cfn
behavior is resolved with the wall law proposed by Kader ~ The inlet velocity varies from 0.68 to 18.56 m/s,
[12]. Validity of this model extends over the entire wall depending on the flow quality, to exactly match the measured
region by blending the linear u y* relationin the viscous ~Mmass flux of the experimental data, i.e. 389 Kginfrixed
sublayer with the logarithmic law of the wail the fully- pressure is imposed on the outlet surface. Constant fluid
turbulent region. The pressure-velocity coupling is resolvedroperties are assumed and these are calculated at 3.8 MPa
using the Phase Coupled SIMPLE scheme. Momentum argfturation point for both liquid and gas, i.e. the conditions of
turbulent quantities are discretized with the second orddhe experiments. At the wall, non-slip and adiabatic
upwind scheme, while the QUICK scheme is used for thgonditions are assumed.
void fraction. Simulations are time-dependent and the time
step is determined in such a way that the Courant numb&ESULTS
limit is always respected.

Pressure Drop
Domain and M esh
Numerical predictionsof the frictional pressure drop

The domain considered for the simulations i$5am-  show qualitative and quantitative agreement with the
long section of the helical tube. The mesh is compbsed experimental data (Fig. 2). CFD is able to successfully
over 2.7 million elementary volumes. The average density igeproduce the peak of the profile around the dry-out zone.
168,994 volumes/ctn The cross section is subdivided into The maximum deviation from the experiments is about 25%,
10,560 cells (Fig. 1)The mesh near the wall is structured andfor the case x = 0.38, whereas the average deviation is 8.5%.



The best adherence between simulations and experimentssisear stress are available from the code and are plotted in Fig.
observed for low (x< 0.25) and high (x> 0.85) steam 4. The liquid-phase component plays the key iokbe total
quality, these being closer to single-phase flow conditionsvall shear stress value, especially before the transition to a
The satisfactory results allow concluding that the CFD modelispersed flow regime. The maximum of the liquid
here presented is altie predict pressure drop in a helically contribution corresponds to the liquid build-up region in the
coiled tube with accuracy, even in the relatively high pressurlwer — outer portion of the pipe. As much as the flow
conditions considered. velocity increase, so does the radial velocity gradient in the
The maximum Y of the calculations varies between 3.43 near-wall zone, where the liquid phase accumulates. The
and 24.00, for x = 0.01 and x = 0.78 respectively. Gridpresence of the centrifugal force breaks the symmetry of the
sensitivity has been evaluated comparing pressure drdjguid film in the annular flow region. This results in a higher
predictions with those given by coarser meshes. Smalall shear stress, with respect to a rectilinear duct, due to the
discrepancies with respect to the reference case have bgenesence of the buildp. After the liquid has depleted, the
found, showing that the simulations are not sensitive to thevall shear stress relaxes and, consequently, pressure drop

discretization of the domain. decreases. Such behavior provides a physical interpretation
for the peak in the pressure drop profile.
Void fraction This work can have important implications for the study

of the two-phase flow in the helically coiled tube, suggesti
The void fraction distribution in the pipe cross-section isinnovative approaches for the determination of pressure drop
shown in Fig. 3. The centrifugal force shows its effect mainlycorrelations. In addition, it also show the good capability of
in the central range of the quality spectrum. With very lowthe Eluerian model to predict the experimental data. Further
steam quality (x = 0.01), the effect of gravity is still yerifications might be obtained with interface-tracking

predominant. At higher quality, x = 0.15-0.67, fluid velocity methods, which aim at resolving the position of the interface.
is also higher and the centrifugal force begins to affect the

phase distribution, leading the liquid to accumulate near th 110

wall in the lower-outer portion of the pipe. A liquid film starts 10.0 =
to appear at the wall, although it is not completely resolve: 9.0 | | . . . oA,
by the code, and remains visible up to x = 0.78. The flov Z 50 | | | | | |leges || %
cannot strictly be considered an annular regime as in E )
vertical rectilinear duct: because of the centrifugal force, thi = "° ' N [TTTT1
thickness of the film is not constant along the wall. At ever & 9 ' A T
higher void, the flow regime resembles a dispersed flow, eve T 5.0 e
though the near wall region is still characterized by a lowe Z 4.0 Te@y
void fraction, therefore by a higher liquid content 35 30 | REHER RN B
& oo A
Analysis of wall shear stress profiles 208 g T © Experimental
i ' 4 Simulated
The transition from the annular-like regime to the 0.0
dispersed flow, caused by the gradual depletion of the liqui g0 el 63 03 04 0 04 BR 08 09 L0
film around the wall, occurs near the peakthe pressure Quality
drop profile and can provide an explanation for this behaviofFig. 2 Comparison between experimental and predicted
Values of the liquid and the vapor components of the wall pressure drop (experimental error&mis +0.4%).
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Fig. 3 Void fraction profilesn the tube. The outer part of the coibimine o’clock.
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Fig. 4 Wall shear stress profild¥ is the outer part of the tube (nine o’clock in Fig. 3) and clockwise convention is used

NOMENCLATURE

g = gravity constant

X = mass quality
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