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TMechanical Engineering Spacer performs a key function in the construction of nuclear rod assembly. It is uti-
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India addition, an annular channel model with a spacer but without vane has been gener-

ated and modeled in order to examine the impact of the spacer-vane in a two-phase
flow. Transient simulations were performed with flow considerations of mass flux
7144 kg/m?s, liquid temperature 330 K, volume fraction 0.35, heat flux 197.2 kW/m?,
and atmospheric pressure conditions. CFD results have been validated with experi-
mental data. Results show that the core zone of the annulus gap exhibits the highest
level of turbulent intensity, and the outer pipe wall temperature is lower for spacer-
vane relative to spacer alone. It is observed that the majority of water vapor is concen-
trated at the center of the channel in the farthest downstream location.
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Introduction

Numerous systems that rely on the phenomenon of two-phase flow are prevalent
across various industrial sectors, including chemical, petrochemical, and nuclear engi-
neering. Rod bundles, annular channels, and pipes are frequently employed as flow
domains in these industrial sectors. In reactor rod bundles, the phenomenon of two-
phase flow is extremely complicated due to intricate flow patterns, interface distortion,
relative motion between fluids, and strong secondary flow. The precise forecast of ther-
mal-hydraulic characteristics in a two-phase flow within reactor fuel channels relies on
a thorough analysis of several factors. These factors include the impacts of grid spacer
vanes on the mechanisms of phase interactions (specifically the interfacial area concen-
tration analysis), flow phenomena, and the distribution of flow characteristics for the
two-phase fluids (including the analysis for distributions of velocity, volume fraction,
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and bubble size). Therefore, the examination of thermal—hydraulic performance in two-
phase flow plays an essential part in the effective design of rod bundles equipped with
grid spacer-vane and in the safe functioning of the reactor core.

Many researchers have used numerical and experimental methods to predict two-
phase thermal-hydraulic performance in nuclear rod applications. Serizawa et al. [1]
investigated experimentally the turbulent phenomena of water—air bubbly flow in a ver-
tical pipe. A tracer technique with a concentration of helium gas was used for the anal-
ysis of heat and transport of bubbles in two-phase flow. Numerical and experimental
analyses of the flow behavior of subcooled boiling in vertical annulus were conducted
by Lee et al. [2]. Water and vapor were considered as fluid of two-phase flow, and analy-
ses were performed for different mass fluxes range 476-1061 kg/m?s. Ustinenko et al.
[3] developed the methodology using CFD (computational fluid dynamics) to validate
the various experimental work performed in two-phase flow by past researchers. Ther-
mal-hydraulic performance was analyzed with constant heat flux in annular channels
and pipes.

Ala et al. [4] studied the impacts of partial and complete blockage of the flow pas-
sage of the subchannels in nuclear fuel rod bundle for two-phase fluid flow. The authors
investigated the blockage effects on void fraction, turbulent intensity, pressure drop, and
velocity distributions inside the subchannels at different locations downstream. Chalgeri
and Jeong [5] studied the flow regimes transition of two-phase fluid flow in rectangu-
lar channels with narrow gaps. Air and water were employed as two-phase fluids inside
the domain. They proposed a model for transition criteria and showed good agreement
against measurement data. Sadatomi et al. [6, 7] performed experiments on rod bundles
having triangular and square arrays for two-phase (air—water) flow. The fluctuation in
differences in static pressure between the subchannels of the rod bundle was measured.
Turbulent mixing rates were compared for the different arrays used in the experiments
and concluded that array configurations of subchannels play an important part in exam-
ining the turbulent mixing rate.

Kawahara et al. [8—10] conducted experiments on the rectangular-shaped subchan-
nels for two-phase fluid flow. Water and air flow characteristics visualization was
accomplished with the help of acrylic glass. Authors reported that large bubbles have a
significant effect on turbulent mixing rate as compared to that of small bubbles, and also,
they developed a model for slug flow to predict the effect on turbulent mixing rate.

Dhurandhar et al. [11] presented a thorough review of mixing vane impacts on ther-
mal-hydraulic characteristics for different channel geometries. A detailed review was
provided by considering supercritical fluids (as single phase) and different two-phase flu-
ids. Dhurandhar et al. [12—15] performed computer simulations to examine the impacts
of spacers and vanes on thermal-hydraulic characteristics of various fluids in a vertical
flow annular channel and concluded that spacers and the vanes are significant channel
structures for improving heat transfer.

Arai et al. [16] executed an experimental analysis of void fraction in a boiling water
reactor for non-heated provisions of the rods. Pressure drop and density distributions
along the bundle length were disused. Williams et al. [17] examined two-phase flow
patterns experimentally. Bubbly, annular, and slug flow were analyzed at constant pres-
sure in a vertical flow rod bundle. Ren et al. [18] studied the impact of grid spacer and
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mixing vane on the phase distribution within rod bundle assembly. Air and water were
employed as two-phase fluids. Also, experimental results explained the void fraction dis-
tributions in the subchannels.

Drucker et al. [19] explained the heat transfer mechanism in two-phase fluid flow in
a tube and fuel rod assembly. Analyses of heat transfer were performed for different
ranges of Reynolds numbers. Air and water were employed as two-phase fluids inside
the domain, and void fraction distributions were discussed in detail. Li et al. [20] con-
ducted experiments to analyze the heat transfer performance of two-phase fluid flow
in a vertical rod bundle assembly. They found that for their test conditions, increasing
the system pressure or mass flux will reduce the wall surface superheating degree. Mix-
ing vane effects were studied numerically on the fuel rod assembly for two-phase fluid
flow by Xiao et al. [21]. CFD results validation against experimental data was performed.
They analyzed the flow and thermal characteristics within the sub-channels of the rod
bundle. The authors found that the cross-flow plays an important role in the accumula-
tion of vapor on the fuel rod in the domain.

Yang et al. [22] investigated the impacts of spacer grids, including plastic protrusions,
on air—water (two-phase) flow within assembly of an 8 x 8 array. The downstream tur-
bulence behavior is stronger, and the low-pressure zone is visible behind the grid spacer.
Tian et al. [23] conducted tests to measure the pressure drop within rod bundle assem-
bly for a two-phase (air—water) flow. They discussed the turbulent intensity and velocity
distributions in the domain. Also, they developed a correlation for a two-phase friction
multiplier and tested it successfully.

Hosokawa et al. [24] examined flow behaviors of two phases like liquid velocity, void
fraction, and bubble velocity in rod bundle subchannels. The work was done on a lat-
tice with a square shape assembly of 4 x 4 array having 10-mm rod diameter, 9.1-mm
hydraulic diameter, and 1.25 pitch-to-rod diameter ratio, and the authors reported that
the acting lift force across bubbles in rod bundle subchannels affects void fraction distri-
butions significantly. Inoue et al. [25] experimentally analyzed the distributions of void
fraction within rod bundle. Measurements were performed for normal operating condi-
tions of boiling water reactor rod bundles. An X-ray CT scanner was used to measure
the void fractions in the domain.

Based on the aforementioned study of literature, it is inferred that the inclusion of a
spacer or grid spacer with vanes has a positive impact on the rate of turbulence mix-
ing and heat transfer improvement. This effect is particularly notable at the spacer loca-
tion and in the downstream zone of the spacer. Despite the existence of several studies
on spacer analysis, the precise forecast of thermal—hydraulic characteristics using com-
putational analysis remains an ongoing area of research for two-phase. This is mainly
significant for the design of spacers with varying vane shapes. Moreover, the detailed
comparative analysis for the impacts of spacer-vane and spacer alone on thermal-
hydraulic performance of two-phase flow in annular channel has received little attention
in the literature. Most investigations have been conducted in adiabatic flow conditions.
This study presents a novel approach to predicting the thermal-hydraulic performance
of two-phase annulus flow with a spacer-vane. The present study examines the impacts
of spacer-vane on thermal-hydraulic performance of two-phase flow in annular chan-
nels using computational CFD analysis. The Eulerian model was employed to solve the
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two-phase fluid flow within a three-dimensional annular channel model. The SST k-w
mixture turbulence model was utilized for two-phase turbulent flow simulations. Simu-
lations were achieved in ANSYS Fluent for the flow considerations of mass flux 714.4 kg/
m?s, liquid temperature 330 K, volume fraction 0.35, heat flux 197.2 kW/m?, and atmos-
pheric pressure condition. A detailed investigation was conducted to examine the

impacts of spacer-vane on thermal—hydraulic performance of two-phase annulus flow.

Numerical modeling approach

Mathematical equations

The ANSYS Fluent multiphase Eulerian model was used to solve two-phase fluid flow
in three-dimensional models of annular channels. Water (liquid) and water vapor were
considered as primary and secondary phases, respectively. The governing equations
[26] were solved for the two-phase fluid flow during the simulations, which are given as

follows:

Continuity equation of phase q

d . .
&( aPq) + V(O‘ql’q‘_}q) = Z (Fitpg — titgp) +Sq 1)

—
where V, = velocity of ¢ phase
i1y, = mass transfer from p” to g phase
i1gp = mass transfer from g to p™ phase
a4 = volume fraction of g™ phase
S4 = source term

Momentum equation of phase q

0 — - — - —
3% (otq,oq Vq) + V.(aqpq Vyq Vq) = —azVp+ VT, +a404 &

" R .=
+ § :(qu+mpqqu—mqpvqp) (2)
r=1

— — — — —
+ (Fy+ Fupg+ Fusg+ Fomg + Fuag)

where T, = stress—strain tensor of g™ phase

_ — —T 2 — _
Tg=ogug| VV 4+ Vq + oy /lq—guq V.Vl (3)

where (1, = shear viscosity of phase q
/.q = bulk viscosity of phase q
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Energy equation of phase q

3 ap, _ g . .
5( aPaha) +V(agpg i ghg) = “q((T:‘Hq : V7q—v'7q+5q+z (Qpq + Fitpghpg — rigphap)
p=1
(4)
where /1, = specific enthalpy of g™ phase
q 4 = heat flux

Qpq = heat exchange intensity between p and g phases
hpq = interphase enthalpy

Turbulence model
The equations of SST k-w mixture turbulence model [26] are given as follows:

MHt,m
Ok

0 —
= (0k) + V. V k) = V<(um + >v1<) + G — Yo + Sk (5)

Gl - Mt,m
= 0m) + V(o V) = V-( (st + Z2 )V ) + G = Yoo, m + Doran + Sy
(6)

where mixture density, o, = Zi\il o P;
Mixture molecular viscosity, (,,; = Zi\il il
2?21 Olipi‘—;l_
Yl @ip;
Mixture turbulent viscosity, ¢, = pmcﬂg, where C,, = 0.024 (constant)

. -
Mixture velocity, V ,,, =

The production of turbulence kinetic energy; G,

— — \7T —
G =i (VV i+ (YV ) )1V V0 %

Interfacial forces modeling

Drag force

The interphase momentum transfer between two phases due to the drag force can be
obtained via the drag model of Schiller and Naumann model [27]. The drag function f is

given as follows:

N CDRe

4 (8)

f

where coefficient of drag (Cp) is given as follows:

c, = | 24(1+0.15Re”*) /Re Re < 1000
=\ 044 Re > 1000 ©)

The relative Reynolds number for primary phase q and secondary phase p is obtained

as follows:
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‘T/’ v ‘d
Re ALTPT Ta|% (10)
Hq

where d, is the bubble diameter of phase p.

Lift force
The lift force acting on a secondary phase p in a primary phase q can be calculated as
follows:

- - = —

Fhﬁ:—Clpqap(Vq— Vp) X (VX Vq) (11)

where p; = primary phase density

o, =secondary phase volume fraction

V4 and V , = velocity of primary and secondary phase respectively

C; =lift coefficient

Tomiyama lift force model [28] has been used in the simulations to solve the lift coef-
ficient (C;), which is given as follows:

Min B0.288 tanh (0.121Rey, f(E0'))]  Eo' <4

C = f(Eo’ 4 <Eo <10 (12)
—0.27 10 < Eo’
where
f(Eor) = 0.00105E0” — 0.0159E0/* — 0.0204E0/ 4 0.474 (13)

Eor is a modified Eotvos number based on the long axis of the deformable bubble, dj,

g(/’q - pp)d;%

Eor = (14)
ol
0757\ /3
dy, = d, (1 +0.163E0™ ) (15)
Pq — Pp)d>
po = P12 % (16)
o
where o = surface tension
g=gravity
dy =bubble diameter
Wall lubrication force
Wall lubrication force proposed by Antal et al. [29] is given as follows:
- — — |2
le:Cwlpqap’Vq_ Vp‘ 7w (17)

Page 6 of 26
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where lT}q _ T}P’ _ relative velocity between phases

— .
# w = unit normal from wall

C,; = wall lubrication coefficient

Wall lubrication coefficient (C,,;) proposed by Antal et al. [29] is given as follows:

C C
Cy = max <0, -1 WZ) (18)
dy Iw
where C,,; = —0.01and C,» = 0.05 are dimensionless coefficients.

yw = nearest wall distance

Turbulent dispersion force
The turbulence-induced dispersion force proposed by Lopez de Bertodano model [30]
is given as follows:

— —
Fiaq=—F tap = CrppgksVay (19)

where k; = primary phase turbulent kinetic energy
Va, = secondary phase volume fraction gradient
Crp = 1, turbulent dispersion constant

Virtual mass force:

The equation for virtual or added mass force [26] is given as follows:

AV, dV
—

d . o .
where -l = time derivative of phase material

Geometry development and boundary details

CFD model of an upward flow annular channel with spacer-vane has been developed.
Additionally, an annular channel model with a spacer but without vane has been gen-
erated and modeled to study the impacts of spacer-vane in a two-phase flow. Figure 1
a, b, ¢, and d shows the geometry details of a three-dimensional annular channel with
spacer-vane. The blockage ratio of spacer located at the center of the annular channel
is assumed to be 0.4. Vanes have been positioned on the spacer tip in the flow direc-
tion, and the vane dimensions are shown in Fig. 2. The vane angle is taken as 7° with
the flow direction. Table 1 represents the dimensions of simulation geometry.

In the present work, an Eulerian model was used for two-phase fluid (water and
water vapor mixture) formulation. Transient simulations were performed with time
step size of 0.005 s and total number of time steps of 600. Temperature, hydraulic
diameter, volume fraction, mass flux, and turbulent intensity were applied at the
domain inlet. The saturation temperature of water has been set as 373.15 K at atmos-
pheric pressure. Constant pressure was employed at the domain outlet. Adiabatic and
constant heat flux criteria were employed on the inner and outer pipes, respectively.
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Inner Pipe Wall

Vanes on Top of
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Spacer

Outer Pipe Wall

(©) (d)
Fig. 1 Geometry details. a A three-dimensional annular channel, b an annular channel with its boundaries, ¢
channel with spacer-vane, and d vane on the spacer tip

Smooth wall with no-slip criteria was employed on the walls for momentum equa-
tion. Table 2 provides the details of boundary condition.

Mesh model and mesh independence

Mesh independence analysis was executed employing three distinct mesh models.
Meshes 1, 2, and 3 possess element counts of 1.9, 1.6, and 1.3 million, respectively.
The unstructured tetrahedron mesh models were generated employing ICEM CEFD.
Mesh was generated by specifying the size of global element with a fixed scaling fac-
tor. Mesh refinement was accomplished by retaining distinct sizes of elements on the
vane, spacer, and inner-outer pipe surfaces. In order to effectively represent the heat
transfer phenomenon, prismatic layers of elements were built close to pipe walls. The
initial layer’s height on the pipe surface was kept low enough; thus, y 4 is smaller than
1. An expansion ratio of 1.2 was employed among layers. Figure 3 represents a mesh
model for the geometry used in the present analysis. Figures 3 a and b represents the
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Fig. 2 Dimension of vane in millimeter

Table 1 Dimensions of simulation geometry

Geometry parameters Value
Inner pipe radius 9.5 mm
Outer pipe radius 125 mm
Annulus gap 3 mm
Channel length 1000 mm
Hydraulic diameter of channel 6 mm
Length of spacer 10 mm

Table 2 Details of boundary condition

Boundary

Properties and physical conditions

Inlet

Outlet

Inner pipe
Outer pipe

Mass flux=714.4 kg/mZs

Water temperature =330 K
Diameter of water vapor=0.01 mm
Water vapor temperature =373.15 K
Volume fraction=0.35

Turbulence Intensity = 5%
Hydraulic diameter =0.006 m

Constant pressure=1 atm
Water and water vapor temperature =373.15 K

Adiabatic wall
Constant heat flux=197.2 kW/m?
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Fig. 3 Mesh model. a Surface mesh on inner pipe with spacer-vane and b volume mesh at annulus gap

surface and volume mesh over the inner pipe with spacer-vane and at the annulus
gap, respectively.

Mesh independence analysis was executed in an annular channel with spacer-vane.
The dimensions of the annular channel and flow parameters for mesh independ-
ence analysis are given in Tables 1 and 2, respectively. Eulerian model was used to
solve the two-phase fluid (water and water vapor) flow. The simulation was accom-
plished using SST k-w mixture turbulence model. The tangential velocity distribu-
tions of liquid in radial coordinates for three mesh models are displayed in Fig. 4.
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Fig. 4 Mesh independence analysis for annular channel with spacer-vane

Table 3 Numerical percentage deviation of mesh

Mesh Average percentage
deviation w.r.t.
Mesh 2

Mesh 1 0.23%

Mesh 2 Selected

Mesh 3 0.26%

The tangential velocities were taken at 460 mm from channel inlet, which is over
40 times of the hydraulic diameter to avoid entrance effect [31]. Hydraulic diameter
of the annular channel is 6 mm. Based on the comparison made for the tangential
velocity distributions (Fig. 4), mesh 2 was adopted for further numerical analysis
as the variation of tangential velocities is less than 0.3% compared to the other two
mesh models, i.e., meshes 1 and 3 (it is per the authors consideration). Table 3 shows
the numerical percentage deviation of meshes 1 and 3 with respect to mesh 2.

Methods

The multiphase Eulerian model was applied to solve two-phase (water — primary phase
and vapor — secondary phase) fluid flow in a three-dimensional model of annular chan-
nel. The time step size was taken as 0.005 s for the present transient simulations. The
phase-coupled SIMPLE algorithm was employed to couple the velocity and pressure.
The finite volume method is the basis of this algorithm. The value of the residuals was
specified as 107° to get converged results for the turbulence model and governing equa-
tions. The residuals were achieved using a first-order upwind discretization scheme. The
equation for volume fraction was solved by the QUICK scheme. The precision of the
results is confirmed by these algorithms and the criteria for residuals to determine the
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convergence of the solution. During simulation, the values for under-relaxation were
reduced for better convergence of solutions. The convergence was verified with the flux
report of net mass flow rate from inlet and outlet boundaries of the domain. Also, the
gravity influence was specified for the accuracy of numerical results.

CFD results validation and adoption of turbulence model

The simulation was accomplished in ANSYS Fluent for CFD results validation. Data
from an experiment executed by Serizawa et al. [1] was used for CFD results valida-
tion. Model dimensions and boundary parameters for CFD validation are identical to
an experiment executed by Serizawa et al. [1]. The CFD model used for the validation is
shown in Fig. 5. It is a vertical pipe, and the model dimensions are as follows: the diam-
eter and length are 0.06 m and 2.15 m, respectively. The simulation was performed for
two-phase fluid (water—air) flow with flow parameters of liquid superficial velocity as
1.03 m/s, gas velocity as 0.151 m/s, bubble diameter as 4 mm, and atmospheric pressure
condition. The turbulence models, such as standard k-e and SST k-w, were examined to
analyze flow performance of this CFD model. Figure 6a and b shows the comparative
results for radial distributions of void fraction and liquid velocity obtained from CFD
and the experiment, respectively. The radial distributions of void fraction and liquid
velocity were taken on line L1, which is at 1.8 m from pipe inlet (Fig. 5). Figure 6a shows
that the peak of void fraction is close to the pipe wall because of the lift force acting on
gaseous phase and the higher bubble diameter. Figure 6b shows that the liquid velocity is
maximum at the center of the pipe and zero at the pipe wall. Tables 4 and 5 represent the
uncertainty in CFD results for void fraction and liquid velocity distributions compared
with experiment, respectively. It is obvious from Fig. 6a and b that the CFD results of
void fraction and liquid velocity determined by turbulence model of SST k-w were a bet-
ter match to experimental data than the standard k-¢. Thus, the impacts of spacer-vane
were analyzed by adopting the SST k-w for subsequent simulations of CFD in the annu-
lar channel. Moreover; several researchers have found that the SST k-w is more appro-
priate for thermal—hydraulic analysis within nuclear rod bundle assemblies compared
to other turbulence models [32—-38]. Based on the previous research works conducted
by several researchers [32-38] for flow thermal characteristics analysis in nuclear fuel
channels, the authors examined the SST k-w and the standard k-¢ in the present work.
The SST k- turbulence model predicted more accurately than the standard k-e model.

Results and discussion

In this section, the thermal-hydraulic performance of two-phase flow in annular chan-
nels with spacer-vane was discussed. Simulation results were produced for the flow con-
siderations of mass flux 714.4 kg/m2.s, liquid temperature 330 K, volume fraction 0.35,
heat flux 197.2 kW/m? and at atmospheric pressure condition. The parametric plot for
convergence of the present simulation in an annular channel with spacer-vane is shown

in Fig. 7.

Effect of spacer-vane on velocity and pressure distributions
The tangential and radial velocity distributions of liquid in radial coordinates have been
presented in Figs. 8 and 9, respectively. The velocity distributions and distance in radial
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Fig. 6 a\oid fraction distribution-CFD validation. b Liquid velocity distribution-CFD validation

coordinates are shown on the ordinate and abscissa, respectively. The velocity distribu-
tions have been taken at different sites (X/D=1, 2, 5, 20, 30, 40, and 50) in downstream
from the spacer tip. X and D represent the downstream distance from spacer tip and a
hydraulic diameter, respectively. Figure 8 represents that the tangential velocity magni-
tude is significantly improved near the wall of outer pipe in the downstream area near
the spacer tip (at X/D=1). This improved tangential velocity is because of the spacer
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Table 4 Uncertainty in CFD results of volume fraction with experiment

CFD analysis Average
percentage
deviation

SST k-w 0.87%

Standard k-€ 1.98%

Table 5 Uncertainty in CFD results of liquid velocity with experiment

CFD analysis Average
percentage
deviation

SST k-w 1.12%

Standard k-€ 1.31%

influence as it decreases the area of flow. The tangential velocity gradually reduces adja-
cent to the outer pipe wall further downstream from the spacer tip (i.e., X/D=2 and
5) due to the recovery of flow area [36]. It is obvious from Fig. 8 that from X/D =20
onwards downstream, the flow has become fully developed since the variations in the
flow velocity profiles are negligible along the flow direction and the spacer effects are
negligible. Also, the turbulence induced by the spacer-vane in the flow greatly dies down
from X/D =20 onwards due to the axial decay of vortexes, which appeared due to the
presence of the spacer-vane in the flow domain.

Similarly, Fig. 9 shows that the radial velocity magnitude is maximum near the wall of
outer pipe which is around 0.8 m/s for location of X/D=1. Further downstream up to
X/D =5, the radial velocity reduces gradually near the outer pipe wall due to the recov-
ery of flow area, and X/D =20 onwards in downstream of the spacer effects disappear
[36].

Figure 10 a and b represents the axial velocity contour of liquid for spacer only (with-
out vane) and spacer-vane in annular channel, respectively. The velocity contour has
been taken on the midplane of the channel annulus gap. The spacer serves the purpose
of decreasing domain flow area by acting as a flow blockage. Decreased domain flow
area increases flow velocity. The spacer’s vane further increases flow velocity consider-
ably in the downstream area near the spacer. Figure 10 clearly shows that the maximum
velocity magnitude exceeds 1.3 m/s with spacer-vane, which is higher than that of spacer
alone in the annular channel. Enhanced flow velocity contributes significantly to reduc-
ing the channel wall temperature, which enhances heat transfer performance.

Figure 11 shows the axial velocity distribution of liquid in radial coordinates of
the annular channel with spacer-vane. Figure 11 shows that the axial velocity mag-
nitude is maximum near the wall of outer pipe which is around 1.1 m/s for location
of X/D =1. This enhanced velocity (for X/D=1) is because of the spacer influence as
it decreases the area of flow. Due to the recovery of flow area, the velocity gradually
reduces near the wall of outer pipe in downstream from spacer tip (i.e., X/D=2 and
5). Further downstream, the flow has become fully developed [36].

Figure 12 shows the dynamic pressure distribution of liquid. The dynamic pressure
magnitude is maximum near the outer pipe wall which is about 650 Pa for location
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Fig. 8 Tangential velocity distribution of liquid for spacer-vane annular channel

of X/D=1. The dynamic pressure increased near the wall of outer pipe due to the
augmented flow velocity near spacer downstream. The difference in dynamic pres-
sure between the locations X/D=1 and 2 is observed as 250 Pa at radial distance of
12 mm (near the wall of outer pipe). Further downstream, up to X/D =5, the dynamic
pressure reduces gradually near the outer pipe wall, and then the spacer effects are
observed to be negligible (X/D = 20 onwards).
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Effect of spacer-vane on turbulent intensity

Figure 13 a and b shows the turbulent intensity contour of the mixture for spacer only
(without vane) and spacer-vane in annular channel, respectively. The contour of turbu-
lent intensity has been taken on the midplane of the channel which is symmetry from
the concentric axis of annular channel. The midplane has been created in annulus gap
along the channel length. The maximum turbulent intensity is observed in the core zone
of the annulus gap, which is over 16%. This enhanced turbulent intensity in the annulus
gap is about 11% higher than the turbulent intensity specified at the inlet of channel. The
magnitude of turbulent intensity is observed to be greater using spacer-vane compared
to spacer alone in downstream of the channel. Additionally, the effect of vane on turbu-
lent intensity is noticed up to the farthest downstream from the spacer tip compared to
spacer alone. This prolonged effect of turbulent intensity in the annulus gap enhances
the heat transfer rate in the channel.

Figure 14 shows the turbulent intensity distribution of the mixture in radial coordi-
nates. The distribution has been taken at different sites (X/D=1, 2, 5, 20, 30, 40, and
50) in downstream from the spacer tip. Figure 14 clearly shows that near the spacer tip
(X/D=1, 2, and 5) downstream, the turbulent intensity magnitudes are higher at the
core zone [39] (at radial distance =11 mm) of the annulus gap, and the turbulent intensi-
ties are again improved significantly near the wall of outer pipe due to spacer influence.
The spacer provides a flow blockage and yields vortexes behind the spacer downstream.
These vortexes increase the turbulent mixing in the core zone of the annulus gap, and
thus, the turbulent intensity magnitudes are higher at the core zone of the annulus. Max-
imum turbulent intensity is observed about 14% at the core zone for location of X/D =2.
Also, Fig. 13b clearly shows that the turbulent intensity magnitude exceeds 16% in the
core zone of the annulus gap for location of X/D =3. Further, from X/D =20 onwards
downstream, the turbulent intensity variations are noticed as negligible.
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Effect of spacer-vane on temperature distributions

Figure 15 a and b shows the temperature contour of liquid for spacer only (without vane)
and spacer-vane in annular channel, respectively. The contour has been taken on the
midplane which is created in annulus gap along the channel length. Figure 15 a and b
clearly shows that near the spacer tip downstream, the temperature magnitude is less
near the wall of outer pipe using spacer-vane compared to spacer alone in the chan-
nel. The spacer’s vane further enhances the turbulent mixing in the downstream area

near spacer; thus, the drop in temperature is observed to be greater using spacer-vane
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compared to spacer alone [12]. In the downstream area near the spacer tip, the tempera-
ture magnitude is observed in the range of 365 to 373 K near the wall of outer pipe using
spacer-vane. Hence, it is obvious that the spacer’s vane further reduces the wall tempera-
ture significantly near the spacer downstream.

Figure 16 shows the temperature distribution of liquid in annular channel with spacer-
vane. The temperature magnitude is minimum near the wall of outer pipe, which is
about 365 K for location of X/D=1. Due to the formation of vortexes, the turbulent
mixing is predominant in the downstream area near the spacer. Turbulent mixing of
fluid enhances the turbulence kinetic energy, which causes a reduction in temperature
near the spacer downstream [12]. Further downstream, a gradual increase in tempera-
ture is observed due to the axial decay of vortexes [40]. In downstream, the temperature
magnitude increases gradually near the wall of outer pipe and is observed as 375 K for
X/D =5 and about 395 K for X/D =50.

Effect of spacer-vane on volume fraction

Figure 17 represents the volume fraction distribution of water vapor in radial coordi-
nates of the annular channel with spacer-vane. Figure 17 shows that the maximum vol-
ume fraction of vapor is about 0.44 (near the spacer tip, i.e., at X/D=1 to 5) at a radial
distance 11.7 mm from inner pipe wall and then gradually decreases to a minimum
at the outer pipe wall. When the flow has fully developed, i.e., X/D=20 onwards, the
maximum volume fraction (about 0.45 at X/D =50) is noticed at the center zone of the
annulus gap (i.e., at a radial distance of 11 mm). It is observed that in the farthest down-
stream, most of the water vapor is present at the core of the annulus gap. The peak of the
volume fraction is observed at the core of the annulus gap due to the higher water vapor
input (0.35) at the inlet [1] and the small size (diameter 0.01 mm) of the water vapor
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Fig. 13 Turbulent intensity contour of the mixture a spacer only (without vane) and b spacer-vane
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bubbles used in the flow field. The minimum volume fraction of water vapor at the outer
pipe wall is favorable to enhance the heat transfer rate from the channel wall.

Conclusions

A detailed investigation was conducted to examine the impacts of spacer-vane on ther-
mal-hydraulic performance of two-phase annulus flow. Additionally, an annular channel
model with a spacer but without vane was generated and modeled in order to examine
the impact of the spacer-vane in a two-phase flow. The multiphase Eulerian model was
applied to solve two-phase (water — primary phase and vapor — secondary phase) fluid
flow in a three-dimensional model of annular channel. Simulation results were produced
for the flow considerations of mass flux 714.4 kg/m?s, liquid temperature 330 K, vol-
ume fraction 0.35, heat flux 197.2 kW/m? and at atmospheric pressure condition. The
simulation was accomplished using SST k-w mixture turbulence model. The impacts of
spacer-vane on thermal-hydraulic performance of two-phase annulus flow were studied,
and the conclusions are as follows:

+ Maximum turbulent intensity is observed in the core zone of annulus gap, which is
over 16%. The augmented turbulent intensity in the annulus gap is approximately
11% higher than the turbulent intensity indicated at the channel’s inlet.

+ The velocity magnitude near the wall of outer pipe is significantly improved in the
downstream area near the spacer tip. This improved velocity is because of the spacer
influence as it decreases the area of flow.

+ Enhanced flow velocity plays a significant role in reducing the wall temperature of
channel, and hence, it enhances the heat transfer performance.
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« X/D=20 onwards in downstream, the flow has become fully developed, and the var-
iations in flow parameters are negligible.

+ Near the spacer tip downstream, the temperature magnitude is observed to be
less near the wall of outer pipe using spacer-vane compared to spacer alone in the
channel.
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+ Due to the small size of water vapor used in the flow field, most of the water
vapor is present at the core of the annulus gap in farthest downstream of the
channel. The volume fraction of water vapor is observed as minimum at the
outer pipe wall, which is favorable to increase the heat transfer rate from the
channel wall.

Abbreviations
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SST Shear stress transport

SIMPLE  Semi-implicit method for pressure-linked equations
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