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An accurate prediction of the pressure drop along the flow paths is crucial in the design of advanced
passive systems cooled by heavy liquid metal coolants. To date, a generic pressure drop correlation over
spacer grids by Rehme has been applied extensively, which was obtained from substantial experimental
data with multiple types of components. However, a few experimental studies have reported that the
correlation may give large discrepancies. To provide a more reliable correlation for ring-type spacer grids,
the current numerical study aims at figuring out the most critical factor among four hypothetical pa-
rameters, namely the flow area blockage ratio, number of fuel rods, type of fluid, and thickness of the
spacer grid in the flow direction. Through a set of computational fluid dynamics simulations, we
observed that the flow area blockage ratio dominantly influences the pressure loss characteristics, and
thus its dependence should be more emphasized, whereas the other parameters have little impact.
Hence, we suggest a new correlation for the drag coefficient as Cg = Cy,m/¢*7, where Cy, is formulated by
a nonlinear fit of simulation data such that G, = —11.33 In(0.02 In(Rep)).
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Lead alloys such as pure lead and lead—bismuth eutectic (LBE)
are evaluated as promising coolants for next-generation reactors.
They feature high boiling points, chemical inertness to air and
water, and low neutron absorption, enabling a simpler primary
system design and safer operation under a fast neutron spectrum.
Taking advantage of these favorable features, research and devel-
opment of lead- or LBE-cooled fast reactors (LFRs) has progressed in
a relatively short period compared to systems adopting other novel
coolants, mainly due to their ease of use. This progress is evidenced
in a report from the Generation IV International Forum in 2014
stating that LFRs are anticipated to be deployed earlier than the
other five new reactor types [1].
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Despite the bright prospects, lead alloys have faced a common
challenge in terms of material compatibility with other structural
materials given by their corrosive natures, and likewise, concerns
about erosion in conjunction with their high densities. For this
reason, most LFR designs have empirically set the maximum flow
velocity to 2—3 m/s and arranged the flow channels in the core in a
large lattice, which aggravates neutron economy in fast neutron
spectra. Furthermore, this limitation affects thermal-hydraulic de-
signs, leading to a lower power density and making them less
economically competitive compared to their main competitor, the
sodium-cooled fast reactor (SFR).

Despite this, open lattice arrangements of the flow channels in
the core could be beneficial in fast reactors in cases where the
reactor design does not require a high power density. Compared to
SFRs, LFRs can achieve a high pitch-to-diameter ratio since they are
rather free from positive reactivity insertion given by void forma-
tion [2]. With a large open lattice, wire wrappers, which are widely
used and have been considered as the first option for SFR fuel
bundles, do not have to be applied, a point that also contributes to a
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Nomenclature
AP Pressure loss (Pa)

Area (m?)

Drag coefficient across a spacer grid
Modified drag coefficient

Diameter (m)

Length of flow development (m)
Mass flow rate (kg/s)

Reynolds number

Temperature (K)

Flow speed (m/s)

SHFICOUOO™

Greek letters

3 Flow area blockage ratio (= Agyia/Ap)
w Dynamic viscosity (Pa s)

P Fluid density (kg/m?)

Subscripts

b Fuel bundle

grid Spacer grid

h Hydraulic

LBE Lead-bismuth eutectic

m Modified in this study

max Maximum

lower pressure loss through the core, thereby enhancing the nat-
ural circulation capability of the system. In accident conditions
when the reactor may not rely on reactor coolant pumps, this
guarantees core cool ability for an extended period, which aligns
well with the Generation IV reactor design philosophy. Several LFR
concepts have thus tried to make use of this favorable feature with
large core lattices, depending entirely on natural circulation for
system cooling even in normal operation [3—6]. In these cases, the
fuel rods are tied to some spacer grids in common. Spacer grids,
accordingly, are of special interest in passive LFRs, for which the
total hydraulic loss should be accurately estimated since both
temperature distribution and coolant mass flow are strongly
coupled to the parameter. Considering the compactness of fuel rods
in the core, pressure loss across a spacer grid is expected to have the
greatest influence on the total hydraulic loss [7,8].

In general, the pressure drop across a spacer grid is able to be
correlated to the dynamic pressure upstream of the component
where the flow has not yet been disturbed with a proportionality
constant called the drag coefficient, Cg, such that

APyig = Coy 3 (1)

in which the bundle fluid velocity, wy, is utilized as the dynamic
pressure term. Up to now, a pioneering experimental study on
various kinds of spacer grids by Rehme provided numerous data to
characterize Cg, which was aimed to be used for fast breeder re-
actors with the tests conducted under water [9]. It was figured out
that the term has a strong dependence on the flow area blockage
ratio, ¢, which is defined as & = Agig/Ap, so that it can be expressed
with another term called the modified drag coefficient, C,, such that

Cg=C,é? (2)

The work by Rehme originally indicated that C, is given as
Cy = 67 for Rep > 5 x 104, without providing a correlation for low-
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Re flow conditions. As a complementary work, Cigarini and Dalle
Donne suggested an empirical correlation based on Rehme's
experimental data in their analytical study [10] as

2.79 x 1010
Re?”®

73.14

G=35+ Reg'264

3)

Here, if C, is given such that Cp > 2, then the parameter is limited by
Cy = 2/£% so that Cg does not exceed Cg = 2.

However, it has been reported from several experimental ac-
tivities that the Rehme correlation shows a large discrepancy. Yao
et al. compared their single-phase experimental data to the Rehme
correlation and found that a 50% higher correction to the loss co-
efficient appeared to be more appropriate [11]. Schikorr et al.
adjusted the flow blockage ratio from ¢ = 0.355 to ¢ = 0.4757
accompanied by a modification of the maximum value of Cg to 2.6
instead of 2 to obtain good agreement between their code calcu-
lation and experimental data [12]. They were not able to justify the
adjustment of ¢, though, since the original value was estimated
from the actual dimensions of spacer grids. Cho et al. also reported
that the measured pressure loss in a component in a loop con-
taining a couple of identical ring-type spacer grids cannot be pre-
dicted by the Rehme correlation, which led to an ad hoc
modification of C, to match their experimental data to their code
calculation [7].

In this regard, the current study suggests a new correlation for
the pressure drop that can give a more reliable prediction for ring-
type spacer grids in passive LBE systems through computational
fluid dynamics (CFD) modeling. In Section 2, the spacer grids of
interest are selected, and the computational domains are defined so
that a case study on various factors can be conducted. In this regard,
we identified such parameters that can affect the pressure drop
across a ring-type spacer grid: the number of rods in the fuel
bundle, the dimensions of the spacer grid represented by ¢ and its
thickness in the traversing direction, and the type of coolant. For
characterization, a number of CFD simulations were conducted
over three different arrangements of ring-type spacer grids under
various flow conditions in the range 3 x 103 < Re, < 10°. The
simulation results are compared in Section 3 in terms of Cg and C,.
As a result, a new correlation of Cg is suggested, accompanied by a
more generic formulation of C, obtained from a nonlinear fitting of
the simulated data.

2. Modeling approach
2.1. Spacer grid models

The Cp for ring-type spacer grids was originally suggested as
function of Rep and e, as in Equations (2) and (3). However, the
discrepancies reported in the literature indicate that other pa-
rameters should be taken into account as well to estimate the
pressure loss. To investigate further into the pressure drop char-
acteristics over the components, we selected several additional
factors that might also affect the flow behavior, namely the number
of rods, type of coolant, and thickness of the spacer grid, in addition
to e.

First of all, the number of rods could be crucial as it directly
relates to the flow distribution and separation across the sub-
channels even if ¢ is given to be the same in different arrangements.
As the number of rods increases, the internal flow channels even-
tually outnumber the side channels and become dominant, which
in turn suggests that the importance of the lateral flow decreases. In
this regard, a 2 x 2 rod arrangement identical to the HELIOS spacer
grid [7] was chosen as the baseline, and 3 x 3 and 4 x 4 lattices
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were included in the analytical models. All have structured and
symmetric layouts, while the dimensions of the enclosing flow
paths, which are given to be pipe flows, are determined so that the
bare flow area ratios are similar to each other under the same rod
diameter of 12.7 mm and pitch-to-diameter ratio of 1.38.

In terms of coolant, since the study mainly focuses on a corre-
lation intended for use in LBE environments, most of the simula-
tions were conducted with LBE properties except one case with
those of water. Another impact can be given by the thickness of the
grid. With the same rationale as the HELIOS spacer grid being the
baseline, most of the cases were defined with a thickness of 5 mm
in the flow direction, with one 10 mm case. Variation in ¢ can be
achieved by changing the thickness of the constituent elements
such as the inner rings that grip the rods and the outer rings that
support the position of the spacer grid itself.

The above considerations led us to define seven different kinds
of ring-type spacer grids, as summarized in Table 1. The modeled
ring-type spacer grids in 2 x 2, 3 x 3, and 4 x 4 arrangements are
depicted in Fig. 1, where only one representative design is shown
for the 3 x 3 type.

2.2. Computational domain setup and solver settings

The computational domains in different grids contain three re-
gions each, namely the upstream, spacer, and downstream regions,
as shown in Fig. 2. The upstream regions were required to be long
enough to guarantee that the flow arriving at the grid is fully
developed and to minimize numerical errors that might be gener-
ated by an ill-conditioned geometry. For the minimum length un-
der a given flow condition, the following relation can be used,

L

1/6
4.4Reb =Dy

(4)

with which the domain lengths were given to be longer than L. On
the other hand, the downstream domains were made to be at least
five times longer than Dy

The fluid domains were discretized by ICEM-CFD as shown in
Fig. 3. The upstream and downstream regions were meshed
dominantly with hexahedral elements, while tetrahedral cells were
mainly used in the grid regions. To capture the near-wall flow
behavior, a few inflation layers were included where applicable.
The analytic models assumed 250 °C for the LBE models and 25 °C
for the sole water model, and isothermal conditions were given to
the domain boundaries. The inlets were set to be the mass sources
where the fluid flow starts with flow rates up to 30 kg/s, ranging
over 3 x 103 < Rep < 10°.
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The simulations were conducted with Ansys CFX using the k-¢
turbulence model with the scalable wall function for the solution
process as the use of the model for a similar flow condition was
shown to be reliable [7]. The turbulent Prandtl number was set to
be 2, which is in conjunction with the best practice guidelines for
liquid metal CFD [13]. The properties of LBE were taken from the
LBE handbook by OECD/NEA [14], while the water case calculation
was done with the material properties provided by the software
package at the designated temperatures.

3. Results and discussion
3.1. Drag coefficient (Cg)

The pressure loss characteristics over different ring-type spacer
grids defined in Section 2.1 can be represented by Cz. All the
simulation results at different flow conditions are shown in Fig. 4 in
terms of Cg, which were obtained from Equation (1) by dividing the
pressure loss by the upstream dynamic pressure (pwg/2). The
discrete data points are compared with the solid lines derived from
Equation (3) at e = 0.232, 0.373, and 0.482, while the dashed hor-
izontal lines indicate that the correlation is given to be lower than a
maximum of Cgmax = 2 from the original Rehme's correlation [9],
and Cp max = 2.6 in case of the suggestion by Schikorr et al. [12], as
summarized in Section 1. The values of ¢ used for the curves were
chosen to be close to those of the spacer grid models used in this
study.

It can be confirmed from Fig. 4 that the number of rods and their
arrangements, the type of coolant, and the thickness of the spacer
grid do not significantly affect the pressure loss characteristics, as
the cases with ¢ ~0.48, all of which are parametrized by those
selected aspects, converge to each other closely. However, the
spread with respect to Cg at a given Rep, indicates that the hydraulic
loss definitely depends on e, which also supports the previous
observations in the literature so far. The larger the flow area
blockage ratio, the larger the pressure drop, a trend evidencing that
¢ has a more important role than other parameters in the hydraulic
loss over a ring-type spacer grid.

In addition, it can be seen that the Rehme correlation is still valid
for two types of 3 x 3 grids with e = 0.232 and ¢ = 0.373, as the solid
lines with the same e values have little discrepancy with the
simulation results except for the cases at low flow rates around
Rep, = 3 x 103. Originally, experimental data from only one type of
ring-type spacer grid at e = 0.203 was utilized, while the correlation
was drawn out from many different geometries of spacer grids [9].
This fact may suggest that the validity of the correlation can be
confirmed by the simulation results in particular for the ring-type

Table 1

Geometrical parameters of the spacer grids modeled in this study.
Parameter Grid type
Rod bundle arrangement 2x2 3x3 3x3 3x3 3x3 3x3 4 x4
Pipe inner diameter (mm) 49.5 74.5 74.5 74.5 74.5 74.5 107.5
Rod diameter (mm) 12.7 12.7 12.7 12.7 12.7 12.7 12.7
Pitch-to-diameter ratio 1.38 1.38 1.38 1.38 1.38 1.38 1.38
Number of rods 4 9 9 9 9 9 16
Undisturbed flow area in rod bundle (cm?) 14.18 32.19 32.19 32.19 32.19 32.19 70.49
Upstream length for flow development at Re = 10° (m) 1.49 2.24 224 224 2.24 2.24 3.23
Fluid* LBE LBE LBE Water LBE LBE LBE
Spacer grid support ring diameter (mm) 455 68.4 68.4 68.4 69.6 71.7 96
Spacer grid ring diameter (mm) 16.7 16.7 16.7 16.7 15.7 14.7 16.7
Spacer grid ring thickness (mm) 2.0 20 20 20 1.5 1.0 20
Plugging area (cm?) 6.91 15.37 15.37 15.37 12.02 7.46 33.57
Grid thickness (mm) 5.0 5.0 10.0 5.0 5.0 5.0 5.0
Flow area blockage ratio 0.487 0.477 0.477 0.477 0.373 0.232 0.476

* For LBE simulation, the thermophysical properties at T = 250 °C were used, while those of water were taken at T = 25 °C.
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(a)

Fig. 1. Spacer grid types of (a) 2 x 2, (b) 3 x 3, and (c) 4 x 4 modeled in this study. Note that only one type of grid is represented in (b) among several variations of the 3 x 3-type
grids defined in Table 1.
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Fig. 2. Schematic representation of the computational domain with a spacer grid.
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Fig. 3. Fluid domain meshes generated on the bare flow regions [(a), (c), and (e)] and grid regions [(b), (d), and (f)] for 2 x 2-type, 3 x 3-type, and 4 x 4-type arrangements,
respectively.
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Fig. 4. Simulation results represented by the drag coefficient (Cg) as a function of bundle Reynolds number (Rey,). The solid curves are Equation (3) [10] at different flow blockage
ratios of ¢ = 0.232, 0.373, and 0.482. The dashed curves are extensions of the equation unless clipped by Cgmax, Which was originally suggested as Cgmax = 2 [9], while a modi-

fication, Cgmax = 2.6, was applied so that the correlation is valid [12].

spacer grids with a similar flow area blockage ratio and could be
extended up to e = 0.373.

However, the correlation is not able to be applied to the cases
with higher ¢ values such as from ¢ = 0.476 to ¢ = 0.487, as can be
seen in the simulation results. Furthermore, the modified correla-
tion [12] cannot be used either, since it is merely a selective
correction to the low-flow regime values so that a higher value of Cg
may be rendered. In all the investigated flow conditions, both
correlations underestimate the pressure loss over the component
at around ¢ = 0.48. This underestimation is also thought to be a
common conclusion from the previous experimental activities in
the literature regardless of the shape or type of spacer grid.

3.2. Modified drag coefficient (C,)

The comparison between the correlation and simulation results
summarized in Section 3.1 led us to a further investigation on C,.
Applying Equation (2), Fig. 5 illustrates the simulation results
reformulated as C, = Cg/¢?. Since the dependence in ¢ should no
longer appear in the relation, all the results should converge to a
single curve if the original relation, Equation (3), is valid for the
range 0.24 < ¢ < 0.48. However, it is rather clearly pronounced that
the results spread with respect to discrete ¢ values in Fig. 5. This
distribution strongly implies that the dependence of the pressure
drop on ¢ is higher than the second-order dependence reported by
Rehme.

The large deviations might be due to the fact that the original
correlation was drawn from a wide range of data including various
geometrical shapes. Although the general characteristics of pres-
sure loss over different shapes could be represented by ¢, the same
level of discrepancy in a given type of grid at different £ cannot be
guaranteed. Considering though that Cg is proportional to ¢ in
Equation (2), discrepancies in C, at low values of e such as ¢ = 0.24
can be well managed. But the higher ¢ becomes, the less the
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discrepancy can be neglected. Hence, for a reliable estimation of
pressure loss across a ring-type spacer grid, e, a novel correlation
that is able to encompass a large range of ¢ is necessary.

3.3. Suggestion of a new pressure loss correlation

This section is dedicated to the suggestion of a new correlation
not only for Cg but also for C,, as we have identified that the pres-
sure loss characteristics of ring-type spacer grids should be more
dependent on e. A realistic approach would be to account for the
strong dependence on ¢ by means of a higher exponent in Equation
(2) such that the new G, relation given in this study falls onto a
single curve regardless of the value of . By trial-and-error, we were
able to find out that an exponent of 2.7 works well in eliminating
the dependence of ¢ from C,, and thus we suggest

Cp= Cv‘m5'2'7 (5)
as a new Cg correlation. Within this convention, Equation (1) can be
used with no further adaptation. By applying Equation (5) to the
simulation results, all the data points can be drawn over in Fig. 6,
which indicates Cyp, is solely given as a function of Rey. Since the
exponent was revised, Equation (3) is no longer valid; thus, we
provide a new formulation obtained from a nonlinear fitting using
the Bradley model, to make the correlation as simple as possible
while keeping its accuracy,

C,m= — 11.33 In(0.02InRey) (6)
which is drawn in Fig. 6 as well. The maximum error from the
relation to the data points was estimated to be 6%, suggesting that
Equations (5) and (6) are applicable over a large range of ¢ from
around e = 0.2 to e = 0.5.
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Fig. 5. Simulation results represented by the modified drag coefficient (C,) in accordance with Equation (2) as a function of bundle Reynolds number (Re). The solid curve follows
Equation (3) [10], while the data points not converging to the curve indicate that the dependence on the flow area blockage ratio (&epsi) still remains.
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Fig. 6. Simulation results with respect to Equation (5) as a function of bundle Reynolds number (Re). The solid line is the new correlation obtained from nonlinear fitting.

4. Conclusions

Lead and LBE have been regarded as promising coolants for
advanced passive reactor systems thanks to their favorable natures.
As the design parameters of such systems are strongly coupled with
each other, pressure loss correlations are the most important ones
to be provided with guaranteed accuracy since the total pressure
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loss along the flow paths determines the temperature distribution
and mass flow rate passively. Simultaneously, pressure loss should
be minimized to ensure a higher natural circulation flow rate to
lower the core outlet temperature and to ensure the cooling ca-
pacity of the reactor core in adverse conditions. To achieve this, the
core should be equipped with fuel assemblies having large flow
areas and minimal flow restrictions, which contribute to a lower
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pressure drop across the components.

In this respect, spacer grids can be employed owing to their
simple geometries in comparison to the wire wrappers that have
traditionally been used in SFR fuel bundles. So far, a generic pres-
sure loss correlation for spacer grids based on extensive experi-
mental work reported by Rehme in the 1970s and its slight
revisions in accordance with different types of grids have been
applied to the prediction of pressure loss characteristics over such
components, especially in liquid metal reactor applications. How-
ever, some experimental studies have pointed out that the corre-
lation is limited and does not account for geometrical parameters
precisely.

Motivated by the observations in the literature, we proposed a
more reliable correlation for ring-type spacer grids in LBE through
numerical investigation. We conducted a number of simulations on
pressure drop across three different types of ring-type spacer grids
over a wide range of flow velocities in isothermal conditions
considering different factors that might influence the hydraulic loss
characteristics. Through the CFD analyses, it was confirmed that the
extent of flow area blockage by the grid is the most important factor
determining the pressure loss.

We figured out that the conventional correlation for spacer
grids, which is a generic formulation given by an extensive amount
of experimental data from various types of grids, shows a large
discrepancy if used for a grid with a large flow area blockage ratio, e.
Based on the numerical modeling results, a new model was pre-
sented first by updating the exponent given to the factor from 2 to
2.7 as determined by trial-and-error to take the strong dependence
of pressure loss in ¢ into account. The implementation also led to a
suggestion for an additional correlation of the so-called the modi-
fied drag coefficient, C,. The correlation was drawn from a nonlinear
fitting of the simulation data and given as a function of bundle
Reynolds number, Rep, showing reliable results with a maximum
error of 6%. Owing to its simple form and wide range of application,
we also expect that this correlation allows nuclear system de-
signers to streamline the design of passive pumpless nuclear sys-
tems without extra efforts to obtain realistic design values.
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