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� Buoyancy may greatly redistribute the flow in a non-uniform channel.
� Flow structures in the narrow gap are greatly changed when buoyancy is strong.
� Large flow structures exist in wider gap, which is enhanced when heat is strong.
� Buoyancy reduces mixing factor caused by large flow structures in narrow gap.
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a b s t r a c t

It has been a long time since the ‘abnormal’ turbulent intensity distribution and high inter-sub-channel
mixing rates were observed in the vicinity of the narrow gaps formed by the fuel rods in nuclear reactors.
The extraordinary flow behaviour was first described as periodic flow structures by Hooper and Rehme
(1984). Since then, the existences of large flow structures were demonstrated by many researchers in
various non-uniform flow channels. It has been proved by many authors that the Strouhal number of
the flow structure in the isothermal flow is dependent on the size of the narrow gap, not the Reynolds
number once it is sufficiently large. This paper reports a numerical investigation on the effect of buoyancy
on the large flow structures. A buoyancy-aided flow in a tightly-packed rod-bundle-like channel is mod-
elled using large eddy simulation (LES) together with the Boussinesq approximation. The behaviour of the
large flow structures in the gaps of the flow passage are studied using instantaneous flow fields, spectrum
analysis and correlation analysis. It is found that the non-uniform buoyancy force in the cross section of
the flow channel may greatly redistribute the velocity field once the overall buoyancy force is sufficiently
strong, and consequently modify the large flow structures. The temporal and axial spatial scales of the
large flow structures are influenced by buoyancy in a way similar to that turbulence is influenced.
These scales reduce when the flow is laminarised, but start increasing in the turbulence regeneration
region. The spanwise scale of the flow structures in the narrow gap remains more or less the same when
the buoyancy parameter is smaller than a critical value, but otherwise it reduces visibly. Furthermore, the
mixing factors between the channels due to the large flow structures in the narrow gap are, generally
speaking, reduced by buoyancy.

� 2016 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Rod bundles are a typical geometry configuration of the fuel
assemblies in many nuclear reactors. The coolant flows through
the sub-channels formed by arrays of fuel rods (or pins). Such
sub-channels are connected to each other through ‘narrow’ gaps
of continuously varying sizes, which are characterised by the
non-dimensional pitch-to-diameter ratio. Soon after the first gen-
eration of nuclear reactors was integrated into the electricity grid,
the unusual turbulent intensity and higher than expected inter-
channel mixing rates were discovered to exist in the narrow gap
region.

Before Hooper and Rehme (1984), researchers used to believe
that such unexpected behaviours of the flow assemblies were
due to the strong secondary flow in the channels (refers to Ouma
and Tavoularis, 1991; Guellouz and Tavoularis, 1992; Meyer,
2010). Hooper and Rehme (1984) first demonstrated the existence
of the energetic and almost periodic flow structures in the vicinity
of narrow gaps formed by the rods. They suggested that the flow
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Nomenclature

Roman symbols
Bo⁄ buoyancy parameter, Bo� ¼ Gr�=ðRe3:425Pr0:8Þ
D diameter of the rod
Dh hydraulic diameter
f frequency
fp dominant frequency of the flow structures in the

channel
Gr⁄ Grashof number based on heat flux, gbD4

hq=km2
Nu Nusselt number, hDh/k
P/D pitch to diameter ratio
Re Reynolds number, UbDh/t
S the size of the narrow gap
s the LES quality criteria proposed by Geurts and Fröhlich

(2002), defined as s ’ hlsgsi/(hlsgsi + hli)
s⁄ parameter in the LES quality criteria proposed by Celik

et al. (2005), defined as s⁄ = (hlsgsi + hlnumi)/(hlsgsi +
hlnumi + hli)

St = fDh/u Strouhal number
Sts = fDh/us Strouhal number based on us
Stb = fDh/Ub Strouhal number based on Ub

Stf the Stb of the flow structures in the forced convection
case, namely Case 1

Uc convection velocity of the Flow Structures in the narrow
gap

Ub bulk velocity

U, V and W instantaneous velocity components in Cartesian
coordinates

u0, v0 and w0 fluctuating velocity component
ueff effective mixing velocity between sub channels
x, y, z spanwise direction, wall normal direction and

streamwise direction
Y the mixing ratio
Yf the mixing ratio in force convection case, namely Case 1

Greek symbols
dij distance between two subchannels
k wave length of the flow structures in the narrow gap or

thermal conductivity
l dynamic viscosity
lnum numerical viscosity
lsgs sub-grid scale viscosity
t kinetic viscosity, l/q

Acronyms
CFL Courant–Friedrichs–Lewy condition or number
LES large eddy simulation
LES_IQv the LES quality criteria proposed by Celik et al. (2005)
PSDX power spectral density of u0

RANS Reynolds-averaged Navier–Stokes
URANS unsteady Reynolds-averaged Navier–Stokes
WALE wall adapting local eddy viscosity sub-scale model
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structures are the reasons for the high turbulent intensity in the
region. They also claimed that the size of the flow structures were
dependent on the size of the narrow gap. The existence of the flow
structures was again proved by Möller (1991, 1992) in other exper-
iments. The pronounced peak was shown in the power spectral
density (PSD) of the spanwise velocity at the centre of the narrow
gap. Also, it was suggested that the Strouhal number (Sts = fpDh/us)
of the flow structures is only dependent on the non-dimensional
gap size (S/D). In the experimental investigations of the fully devel-
oped flow in a 37-rod bundle with different pitch-to-diameter
ratios, Meyer (1994) and Krauss and Meyer (1996, 1998) proved
that the flow structures in the adjacent narrow gaps in the fuel
assembly are strongly correlated to each other, which was also
observed in the experiments by Baratto et al. (2006).

The flow instability mentioned above does not just exist in the
rod bundles but also in other non-uniform flow channels, such as a
trapezoid/rectangular channel with a rod mounted in it (Wu and
Trupp, 1993, 1994; Guellouz and Tavoularis, 2000a,b), channels
containing/connected by a narrow gap (Meyer and Rehme, 1994,
1995; Home and Lightstone, 2014) or the eccentric annular chan-
nels with a high eccentricity (Gosset and Tavoularis, 2006; Piot
and Tavoularis, 2011; Choueiri and Tavoularis, 2014). In the arti-
cles by Meyer and Rehme (1994, 1995), it is shown that the struc-
tures can be presented in the flow of a wide range of Re. The large
flow structures was observed in the flow with Re as low as 2300.
Gosset and Tavoularis (2006) further approved that the flow struc-
tures even exist in a laminar flow, and there is a critical Re for the
existence of the flow structures. In the meantime, the Strouhal
number (St) of the flow structure decrease with the increase of
the flow Reynolds number at initially. It is only dependent on the
non-dimensional gap size once the Reynolds number is sufficiently
high.

In addition to experiments, the CFD simulations are another
widely used methodology to study the flows nowadays. The first
Please cite this article in press as: Duan, Y., He, S. Large eddy simulation of a b
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attempt to use the CFD method to study flow structures in the
non-uniformly geometry is dated back to late 1990s (Meyer,
2010). Most of the works were done by using the RANS/URANS
method. Few authors also used the large eddy simulation to study
the flow structures. It is demonstrated by many authors that the
RANS method cannot accurately predict the high turbulence inten-
sity in the narrow gap of the fuel assembly when the P/D is smaller
than 1.1 (In et al., 2004; Baglietto and Ninokata, 2005; Baglietto
et al., 2006 and Chang and Tavoularis, 2012). This is simply because
that the steady RANS model cannot capture the inherently
unsteady large flow structures in the narrow gaps.

The team led by Tavoularis in the University of Ottawa not only
carried out experimental studies to investigate the coherent flow
structures in the gap regions, but also devoted many efforts to
study the flow structures numerically. Chang and Tavoularis
(2005, 2006, 2008, 2012) investigated the fully developed flow in
the geometry similar to the channel considered in Guellouz and
Tavoularis (2000a,b). Due to the existence of the large flow struc-
ture, a strong oscillation of the flow temperature in the narrow
gap was reported in the Chang and Tavoularis (2006). Unsteady
RANS with a standard Reynolds stress turbulence model was used
to simulate the fully developed flow in a 60� sector of the 37-rod
bundle by Chang and Tavoularis (2007). The results agreed with
the finding by Krauss and Meyer (1996, 1998) that the flow struc-
tures in the adjacent narrow gap in rod bundles are highly corre-
lated with each other. Furthermore, it was pointed out in the
article (Chang and Tavoularis, 2012) that the St of the flow struc-
ture is smaller in the developing flow region than in the fully
developed region, which was proved in the experiment by
Choueiri and Tavoularis (2014). It was also demonstrated that
the LES is a most robust CFD methodology to study the behaviours
of the flow structures, while the URANS can also reproduce the
flow structures with reasonable accuracy no matter what turbu-
lence models were chosen. It was supported by other authors’
uoyancy-aided flow in a non-uniform channel – Buoyancy effects on large
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work such as, Biemüller et al. (1996), Home et al. (2009), Home and
Lightstone (2014), Merzari and Ninokata (2009), Abbasian et al.
(2010), Liu and Ishiwatari (2011, 2013).

A research group in Tokyo Institute of Technology has also con-
ducted a series of work on this topic. Their work can be found in
Baglietto and Ninokata (2005), Baglietto et al. (2006), Merzari
and Ninokata (2008, 2009), Merzari et al. (2008, 2009) as well as
Ninokata et al. (2009). They also showed that the URANS method
is reliable to predict the key characteristics of the coherent flow
structures in the narrow gap of the non-uniform geometry. Never-
theless it has been shown that with no doubt the LES has an even
better capacity to shown such unsteady flow structures, which can
be close to the performance of the DNS, as shown in Merzari and
Ninokata (2009) and Ninokata et al. (2009). Except for emphasising
the strong relationship between the existence of the large flow
structure and the gap size, it was shown in Merzari and Ninokata
(2008) that the flow structure becomes less dominant when the
Reynolds number increases. They also observed the interactions
of coherent structures in adjacent sub-channels.

It is known that the buoyancy is unavoidable in the real world,
e.g. in various conditions of a nuclear reactor. But the effect of the
buoyancy on the unsteady flow structures has not been taken into
consideration in previous studies. Due to the non-uniformity of the
geometry, the strength of the buoyancy force at different parts of
the flow passage may be different, which may result in a redistri-
bution of the velocity in the geometry. Consequently, the beha-
viour of the coherent flow structures in the narrow gap may be
changed as well. The main objective of this paper is to report an
investigation of the buoyancy effect on the behaviour of large flow
structures in a rod-bundle-like geometry using large eddy simula-
tion (LES).

2. Methodology

2.1. Geometry considered

A trapezoid channel enclosing a rod in it is considered in the
study. This is the same as the channel studied experimentally by
Wu and Trupp (1993). As illustrated in Fig. 1, the channel contains
a narrow gap close to bottom edge and a wide gap at the opposite
side of the rod. The two gaps connect via the main channels which
are located both sides of the rod. The diameter of rod D is 0.0508 m,
the size of the narrow gap S is 0.004 m, and consequently, the ratio
S/D is 0.079. The lengths of the two trapezoid bases are 0.0548 m
and 0.127 m, while the height is 0.066 m. Overall, the hydraulic
diameter Dh of channel is 0.0314 m. A relative short computing
domain (10 Dh) is considered here with the periodic boundary con-
dition applied to the inlet and outlet to simulate an axially fully
developed condition as explained in the next sub-section.
Fig. 1. A sketch of the considered geometry.

Please cite this article in press as: Duan, Y., He, S. Large eddy simulation of a b
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2.2. Simulation models and numerical details

Four cases have been considered to study the effect of various
buoyancy forces on the behaviour of the large flow structures.
The first (Case 1) is a forced convection case, while the following
three (Cases 2–4) are mixed convection (buoyancy aided flow). In
all of the cases, an air-like fluid at the atmosphere pressure ascends
in the channel with a bulk velocity (Ub) of 2.45 m/s. The density,
specific heat, thermal conductivity, and viscosity of the fluid are
1.225 kg/m3, 1006.42 J/kg�K, 0.0242 w/m�K and 1.7894e�5 kg/m�s,
respectively. The mass flow rate and Reynolds number are
0.11527 kg/s and 5270, respectively. The Boussinesq approxima-
tion is utilised to represent the effect of the buoyancy force. The
expansion coefficient b is 0:001 1

k in all of the cases. The gravity
acceleration is set to �9.8 m/s2 in the mixed convection cases,
but 0 m/s2 in Case 1. A constant wall temperature is applied in
the case (800 k, 650 k, 1427 k and 6250 k in Cases 1, 2, 3, and 4
respectively). The resultant buoyancy parameter Bo⁄ (proposed
by Jackson et al., 1989) are 0, 1.5 � 10�6, 2.4 � 10�6 and
1.7 � 10�5 in the cases, respectively. In order to achieve sufficiently
high values of buoyancy parameter that might be encountered in
the reactor (e.g., Cases 3 and 4), the wall temperatures employed
appear to be unrealistically high due to the use of air at atmo-
spheric pressure. But the absolute values of temperatures are of
no significance and should not be directly compared with reactor
conditions. The flow simulations are performed using large eddy
simulation (LES) with the wall adapting local eddy viscosity
(WALE) SGS model in Fluent 14.5. Thanks to the assumption of
constant fluid properties and the use of the Boussinesq approxima-
tion for buoyancy force, the flow may be fully developed down-
stream of the fuel channel, which is the condition studied herein.
As a result, a periodic boundary condition is applied at the inlet
and outlet for both the flow and thermal fields. For the latter, under
a constant-wall-temperature boundary condition, the strategy
used in Fluent is to solve a non-dimensional temperature based
on the following scaling (Patankar et al., 1977; Fluent, 2009):

h ¼ Tð~rÞ � Twall

Tbulk;inlet � Twall
ð1Þ

where Tbulk,inlet is the bulk temperature at the inlet of the computa-
tional domain. The use of a periodic boundary condition is a popular
method in mixed convection studies; see for example, Kasagi and
Nishimur (1997), and Piller (2005), Keshmiri et al. (2012).
Fig. 2. An overview of the mesh.
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A relatively fine mesh is required to resolve the near wall flow.
To reduce the total numbers of the mesh elements, a non-uniform
mesh is generated. The mesh size is small in the near wall region
but bigger in the region away from walls. An overview of the mesh
can be seen in Fig. 2. The first near wall mesh nodes are in the
range of 5 6 xþ 6 17, 0:13 6 yþ 6 0:2 and 10 6 zþ 6 16, while y+,
x+ and z+ are the non-dimensional size of mesh in wall normal,
spanwise and streamwise direction. There are at least 15 cells
located between the wall and y+ = 20, (counted in Case 1). The total
number of the mesh elements is 7.8 million. The time interval of
each step is 0.0001 s in all the cases, with a CFL number of �0.2.
Fig. 3. Illustrations of locations as which results are shown.

Fig. 4. Large eddy simulat

Please cite this article in press as: Duan, Y., He, S. Large eddy simulation of a b
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To reduce the numerical dissipation, the momentum equations
are solved using the bounded central differencing scheme; the sec-
ond order upwind scheme is applied to solve the energy equation,
while the bounded second order implicit method is used to solve
the transient component. The SIMPLE scheme is used for the pres-
sure–velocity coupling.
2.3. Locations used to extract the results

Before discussing the results, it is necessary to introduce the
locations and lines used to present the results. The lines, ‘ML1’,
‘ML2’, and ‘ML3’, shown in Fig. 3 are used to present velocity pro-
files in the various regions of the flow channel. They are the equal
distance lines between the rod and the trapezoid channel wall. The
history of the instantaneous velocity at points such as ‘MP1’ and
‘MD’, seeing Fig. 3, are recorded for the spectrum and correlation
analyses. The instantaneous velocities are also recorded at 30
points horizontally located along the line ‘ML1’. Similarly, velocity
is also recorded along ‘MP1’ and ‘MD’, but at different axial
locations.
3. Results and discussion

3.1. The quality of the simulations

Since there is a lack of experimental or DNS data under the con-
ditions concerned herein, the LES quality criteria suggested in
Geurts and Fröhlich (2002) and Celik et al. (2005, 2009) are
used to assess the quality of the results. It was suggested by
ion quality criteria s.

uoyancy-aided flow in a non-uniform channel – Buoyancy effects on large
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Geurts and Fröhlich (2002) that the quality of the LES simulation
can be assessed by considering the ratio of the turbulent dissipa-
tion and the total dissipation, which can be estimated by

s ’ hlsgsi
hlsgsiþhli, see Celik et al. (2005). The LES result is considered to

be more like DNS when s approaches 0. Another option is to use
LES IQm ¼ 1

1þam s�
1�s�ð Þn proposed by Celik et al. (2005), where

s� ¼ hlsgsiþhlnumi
hlsgsiþhlnumiþhli. In this approach, when LES_IQm is closer to 1,

the LES simulation is more like a DNS simulation. It is suggested
in Celik et al. (2009) that lnum can be approximated by lsgs.

Figs. 4 and 5 show contours of the different criteria. Due to the
symmetry of the geometry, the figures only show the left part of
the channel. Since both of criteria consider the lsgs, which is a func-
tion of the mesh element’s size, the values of the criteria are
directly related to the size of the mesh elements. The contours of
the criteria in the channel reflect the non-uniform distribution of
the mesh in the region. As shown in Fig. 4, the values of s are very
low (close to 0) in the near well region, while the values of s are
�0.11 in the main channel. It should be reminded that s stand
for the fraction of the turbulence kinetic energy modelled by the
LES. As Pope (2000) pointed out a good LES simulation should
resolve over 80% of the turbulence kinetic energy. Using the crite-
ria, it can be seen that the simulations are of very high quality. Fur-
ther, the values of LES_IQv approach 1 in the near wall region and
�0.97 in the main channel, which also demonstrates the high qual-
ity of the simulations, see Fig. 5.
Fig. 5. Large eddy simulation

Please cite this article in press as: Duan, Y., He, S. Large eddy simulation of a b
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3.2. Flow pattern

3.2.1. Statistics of the velocity field
The contours of the mean streamwise velocity distribution in

various cases are presented in Fig. 6. As illustrated in the figure,
the velocity magnitude in the forced convection case (Case 1)
decreases as the flow passage becomes narrower. But this pattern
is significantly modified in the buoyancy influenced cases. The
location of the maximum velocity is moved to the top corner of
the channel in Case 2. With the increases of buoyancy force in Case
3, the high velocity patch expands towards the main channel and
the centre of wide gap. The maximum velocity is located in the nar-
row gap and the bottom corner in Case 4, where the buoyancy
force is the strongest. This observation is similar to the result
obtained by Forooghi et al. (2015).

The velocity profiles on the equal-distance lines ‘ML1’, ‘ML2’
and ‘ML3’ are illustrated in the Fig. 7. The velocity increases from
the centre of the narrow gap (the beginning of the line, 0 m) and
reaches a maximum towards the end of ‘ML1’ in Cases 1–3, while
the trend is totally reversed in Case 4. The maximum velocity is
in the centre of the narrow gap in Case 4, while the minimum value
on ‘ML1’ can be found near the centre of the main channel. Differ-
ent from the reducing trend of the velocity observed along ‘ML2’ in
Case 1, it increases in Cases 2 and 3 and shows a ‘U’ profile in Case
4. These are consistent with the observations in the contours. The
velocity on ‘ML3’ in Cases 2 and 3 is higher than it in Case 1, while
the lowest occurs in Case 4. The redistribution of the velocity field
quality criteria LES_IQv.

uoyancy-aided flow in a non-uniform channel – Buoyancy effects on large
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Fig. 6. Contours of streamwise velocity.

Fig. 7. The velocity magnitude on the equal-distance lines.
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in the channel is expected to change the performance of the flow
structures, which will be discussed in the following sections.

3.2.2. Instantaneous flow flied and large flow structure
3.2.2.1. Instantaneous velocity field. The general features of the large
flow structures in the narrow gap can be visualised via the instan-
taneous velocity field in the region. The contours of the streamwise
velocity at a particular point in the cases are illustrated in Fig. 8.
Please cite this article in press as: Duan, Y., He, S. Large eddy simulation of a b
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The existence of the swinging large flow structures in the region
is clearly shown. It also shows that the wavelengths of the flow
structures in each case are not constant but with some jittering,
which is agreed with the findings of other authors, seeing Meyer
(2010). It is interesting to note that the swinging structure is much
weaker in Case 4, while the velocity in the vicinity of the narrow
gap is greatly accelerated. The velocity magnitude in the region
is even higher than the value in the main channel.

In order to investigate the flow structures with more details,
representative time history of normalised fluctuating spanwise
velocity (u0/Ub) at ‘MP1’ and ‘MD’ are presented in Fig. 9. As shown
in Fig. 9(a), there are strong and very regular oscillations of span-
wise velocity in the narrow gap in all of the cases. But instanta-
neous velocity in Case 4 is more irregular than others. The
periods of the signals shown in the figure are not perfectly con-
stant, which is consistent with the changing wavelength of the
flow structures in the narrow gap mentioned above. Again, the
amplitude of the oscillations changes with the change of the buoy-
ancy. It decreases from the value �30% Ub in Case 1 to �25% and
�20% Ub in Cases 2 and 3 respectively, but is increases again in
Case 4 to �30% Ub.

The u0 at ‘MD’ shows very weak periodic oscillations with high
turbulent noises in Case 1, refer to Fig. 9(b). Such oscillations are
hugely suppressed and almost vanish in Case 2, but strengthened
in the other two cases, especially in Case 4. It is interesting to note
that the dominant periods of u0 at ‘MD’ in Case 4 is quite similar to
that at ‘MP1’.
uoyancy-aided flow in a non-uniform channel – Buoyancy effects on large
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3.2.2.2. PSD of fluctuating velocity. It is difficult to determine the
exact values of the dominant frequency of the flow structures just
by studying the instantaneous velocity history. The power spectra
densities (PSD) of the u0 at the position ‘MP1’ and ‘MD’, shown in
Fig. 10, are discussed here to obtain the dominant frequency of
the large flow structures and the buoyancy effect on it. To facilitate
the comparison between the results from different cases, the orig-
inal results from Cases 1, 2, 3 and 4 are multiplied by a factor of
100, 102, 104 and 106 respectively. The power spectral densities
of u’are noted as ‘PSDX’ while ‘fp’ stands for the peak/dominant fre-
quency in the PSDX in the following discussion.

Similar to the results of experimental work done by Wu and
Trupp (1993), the pronounced peak in PSDX is not only found at
the centre of the narrow gap (‘MP1’), but also at the centre of the
wide gap (‘MD’) in the various cases. This again indicates the exis-
tence of large flow structures in the wide gap. In terms of PSDX at
‘MP1’, it is also interesting to note that there are secondary peaks
located at either side of the dominant peaks in all the cases, except
for Case 4. This suggests that the coherent flow structures in the
narrow gap are complicated and there are multi-scales structures
under the conditions considered in this research. The fp of u0 at
‘MD’ in Cases 1, 2 and 3 is every similar to the frequency of the
sub-peak located at the left of the dominant peak at ‘MP1’. In par-
ticular, the peak frequency of u0 at ‘MD’ in Case 4 is the same as
that at ‘MP1’. It is reasonable to infer that the structures in the nar-
row gap and wide gap are strongly correlated in Case 4.

The fp of PSDX at ‘MP1’ and ‘MD’ in all cases are listed in Table 1.
In Cases 1 and 2 such peak frequencies at ‘MP1’ are very close to
each other (14.0 Hz and 13.7 Hz, respectively), while they are
increased in Case 3 (�20.75 Hz), but decreased in Case 4
Please cite this article in press as: Duan, Y., He, S. Large eddy simulation of a b
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(�7.32 Hz). The value of fp remains the same with the location
moving away from the centre of the narrow gap such as ‘MP2’,
‘MP3’ or even ‘MP4’. It is worth to note that there is a big increase
in fp from ‘MP3’ to ‘MP4’ in Case 4, which implies a decreased size
in the flow structure in the region. The fp of u’ at ‘MD’ was changed
little under the influence of buoyancy force, although the general
trend is the same as that at ‘MP1’. The highest PSDX at ‘MD’ is
9.16 Hz in Case 3. The smallest is 7.32 Hz in Case 4. The values in
Cases 1 and 2 are 8.55 Hz and 7.93 Hz.

In the current study, the St�1 evaluated using us in Case 1 is
0.3787, which is about double the value (0.16) of the experiment
of Wu and Trupp (1993) for the same geometry configuration.
However, the Stb

�1 evaluated using the bulk velocity is 5.57, which
is very close to the experimental value of 5.20. A possible reason
for this inconsistency is that the relationship between the friction
velocity and Re number is not linear. It also suggests that the St is
better correlated with Ub than with us. To avoid confusion, the St
used in the following discussion is defined as fpDh/Ub. The relation-
ship between St�1/Stf

�1 and buoyancy parameter Bo⁄ is shown in
Fig. 11. Here, St is the Strouhal number in buoyancy influenced
cases and Stf is from Case 1. When the buoyancy force is small,
the St�1 decrease with the increase of heat flux, see the values of
St�1/Stf

�1 in Cases 2 and 3. The trend changes once the heat flux
is sufficiently high. It can be seen in the figure that the value of
St�1 is greatly increased in Case 4. The value of St�1 of the flow
structures in the wide gap follows the same trend, although the
response of St�1 to the change of Bo⁄ is more moderate. It is inter-
esting to point out that the relationship between St�1 and Bo⁄ is
similar to the relationship of Nu and Bo⁄ in the buoyancy aiding
mixed convection. There is a critical Bo⁄, Bo�

0. The St�1 decreases
uoyancy-aided flow in a non-uniform channel – Buoyancy effects on large
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with the increase of Bo⁄, when Bo� < Bo�0. However, it recovers or
even increases once Bo� > Bo�0.

The relationship between the flow structures in the narrow and
wide gaps is further studied using cross correlation functions of u’
between ‘MP1’ and ‘MD’, which is shown in Fig. 12. As illustrated in
the figure, u’ at ‘MP1’ is correlated with that at ‘MD’ in all of the
cases, and, the correlation in Case 4 is much stronger than in the
other cases. Especially, it is noticed that the maximum correlation
in Case 4 is with 0 s lag, while it is not the case in the other three
cases. Together with the fact that the same fp of the flow structure
is observed at ‘MP1’ and ‘MD’ in Case 4, it reasonable to conclude
that the flow structures passing the wide gap and the narrow
gap in Case 4 are closely connected with each other.

The velocity is redistributed across the flow domain under the
influence of the non-uniformly distributed body force. A high
velocity patch is first formed in the wide gap in the channel when
Fig. 9. The ratio u0/Ub at (a) ‘M
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the heat flux is small. It moves towards the narrow gap with the
increase of the heat flux. The shape of the velocity profile in the
narrow gap region change significantly with the increase of buoy-
ancy parameter Bo⁄. A ‘V’ shape velocity profile is resulted when
Bo� < Bo�0. The velocity is lowest at the centre of the gap, increasing
with the distance away from it, see Fig. 13(a). When Bo� > Bo�0, the
velocity profile changes to a ‘K’ shape; the velocity is higher in the
narrow gap but lower in the main channel, see Fig. 13(b). The flow
structure in the low Bo cases, i.e., the ‘V’ velocity profile in the nar-
row gap, can be explained by the theory suggested by Krauss and
Meyer (1998). The flow structures in the narrow gap are formed
by two streets of counter-rotating vortex, which are dependent
on the velocity gradient in the region and fuelled by the high veloc-
ity in the main channel. The vortices rotate towards the narrow
gap, see Fig. 13(a). Once Bo� > Bo�0, (i.e., in the strongly
buoyancy-influenced cases), the velocity profile changes from
P1’; (b) ‘MD’ in the cases.

uoyancy-aided flow in a non-uniform channel – Buoyancy effects on large
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Fig. 10. Power spectral density of the u0 (PSDX) at ‘MP1’ and ‘MD’ in all of the cases. The results of Cases 2, 3 and 4 are multiplied by a factor of 102, 104 and 106, respectively.

Table 1
The frequencies (Hz) of the peaks in the power spectrum density of u0 at selected
locations.

Locations Case 1 Case 2 Case 3 Case 4

MP1 14 Hz 13.7 Hz 20.75 Hz 7.32 Hz
MP2 14 Hz 13.7 Hz 20.75 Hz 7.32 Hz
MP3 14 Hz 13.7 Hz 20.75 Hz 7.63 Hz
MP4 14 Hz 13.7 Hz 20.75 Hz 20.14 Hz
MD 8.55 Hz 7.93 Hz 9.16 Hz 7.32 Hz

Fig. 11. Ratio of St�1of buoyancy influenced cases over Stf
�1 of the forced

convection case.
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shape ‘V’ to ‘K’. It is reasonable to assume that the two streets of
vortices at either side of the narrow gap will likely rotate outwards
the narrow gap as illustrated in Fig. 13(b).

3.3. The size of the flow structures

Since the large flow structures are mostly related to ‘cross flows’
between the various sub-channels, the horizontal fluctuating
velocity u’ is a good quantity to describe the flow behaviours as
shown earlier. The scale of such flow structures can be statistically
measured using two-point correlation (Pope, 2000; Home and
Lightstone, 2014). The spanwise scale of the large flow structures
in the narrow gap is studied using the cross-correlations of u0

between ‘MP1’ and the other 30 points along ‘ML1’, while the axial
Please cite this article in press as: Duan, Y., He, S. Large eddy simulation of a b
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scale of the dominant flow structures in the narrow/wide gap can
be approximated using the cross correlation of u0 between the
points located axially at ‘MP1’ and ‘MD’ down the channel. These
results are presented in Figs. 14 and 15.

The spanwise scale of the structure in the narrow gap is almost
the same in the first 3 cases (see Fig. 14), while a visible reduction
can be seen in Case 4. As shown in Fig. 15(a), the axial scale of the
large flow structures in the narrow gap is about the same in Cases 1
and 2, but is significantly smaller in Case 3, and significantly bigger
in Case 4. In the latter, the size is around the size of the domain
according to the correlation. The axial scales of the flow structures
in the large gap are all similar to each other and are all around the
size of the domain, see Fig. 15(b).

When the length scale of the flow structures are similar to, or
even greater than, the size of the domain, the above correlation
approach is no longer appropriate and an alternative method will
have to be used to estimate the scales. It was suggested in
Guellouz and Tavoularis (2001a) and Chang and Tavoularis
(2012) that the streamwise spacing of the flow structures can be
estimated using a convective velocity (Uc) and the dominant fre-
quency (fp), while the Uc of the flow structures is calculated as
the ratio of streamwise distance and time delay of the maximum
correlation between two axially aligned points. Space–time corre-
lations can be used to determine the convection velocity and dom-
inant frequency of flow structures. Several points close to the inlet
boundary are selected for such a purpose. The point at 0.07 m
down the channel in the centre of the gaps is chosen as the refer-
ence. Fig. 16 is a representative plot of the streamwise space–time
correlation of u0 in the centre of the narrow gap as a function of
time delays, whereas Fig. 17 shows that in the centre of the wide
gap.

The calculated convection velocity and dominated wavelength
of the flow structures in the narrow gap and wide gap are listed
in the Table 2. The wavelength is calculated using the equation
Uc/fp. The Uc of the large flow structures in the narrow gap remains
similar (�2.16 m/s) in the Cases 1, 2 and 3, but is more than 50%
higher in Case 4 (�3.31 m/s). This trend is similar to the change
of the velocity magnitude in the centre of narrow gap, which also
suggests that the Uc is likely to be correlated with the averaged
velocity in the region. Considering the calculated axial scale of flow
structures in the narrow gap, it decreases from 5 Dh in Cases 1 and
2 to 3.33 Dh in Case 3, which is consistent with the observations in
Fig. 15. Due to the increased Uc together with the almost halved fp
(in comparison with Case 1), the wavelength in Case 4 is greatly
increased to �14 Dh. The Uc of large flow structures in the
wider gap in Cases 1 and 4 are smaller than in Cases 2 and 3.
uoyancy-aided flow in a non-uniform channel – Buoyancy effects on large
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Fig. 12. The cross correlation function of u0 between ‘MP1’ and ‘MD’.

Fig. 13. Flow model of the turbulent vortices in the narrow gap (a) low buoyancy flow; (b) high buoyancy flow.
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Furthermore, the general buoyancy effect on the axial scale of the
flow structures in the wide gap is similar to those in the narrow
gap. The streamwise spacing decreases in Case 3 but recovers in
Please cite this article in press as: Duan, Y., He, S. Large eddy simulation of a b
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Case 4 in comparison with that in Case 2. The only difference is that
the length scale is increased visibly from 9.3 Dh in Case 1 to 11.5 Dh

in Case 2.
uoyancy-aided flow in a non-uniform channel – Buoyancy effects on large
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3.4. Mixing factor

Due to the existence of the flow structures, the turbulence mix-
ing between the two sides of the narrow gap is enhanced. It is use-
ful to investigate the mixing factor due to the large flow structures.
The mixing factor can be evaluated by the equation introduced by
Rehme (1992) shown below

Y ¼ ueff dij
�e

ð2Þ

where dij is the distance between the sub-channels, the value of
which value is taken as 0.09 m the same as that adopted by Wu
and Trupp (1994). ueff and �e are the effective mixing velocity and
reference eddy viscosity, which are evaluated by the following
equations used by Wu and Trupp (1994):

ueff ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiZ f pþ
f p
4

f p�
f p
4

Euuðf Þdf

vuut ð3Þ

where fp is the peak frequency in the power spectra density, Euu(f)
the power spectra density function, and,
Fig. 14. Cross correlation of u0 at the centre of the narrow gap and various points
along the line ‘ML1’.

Fig. 15. Cross correlation of u0 at different axial points loca
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�e ¼ 0:0177mRe
ffiffiffiffi
f t

q
ð4Þ

where m is the kinematic viscosity and ft is the friction factor defined
as fpipe/8. The value of ft is 0.03712, which is converted from the pipe
flow with similar Reynolds number, refers to You et al. (2003). So �e
is 2.6 * 10�4.

The value of ueff obtained at ‘MP1’ (x/dij = 0) and other two loca-
tions ‘MP2’ (x/dij = 0.08) and ‘MP3’ (x/dij = 0.18) are documented in
Table 3. It is really interesting to see that ueff at the ‘MP1’ in Case 1
is 0.331 which is very similar to the value of 0.34, published by Wu
and Trupp (1994), even though the Re in their work is ten times
higher than in here. With the location away from the centre of
the narrow gap, ueff decreases. This is consistence with the finding
by Möller (1992). The decreases can be explained by the decreased
peak power spectra values. The values in the table also clearly indi-
cate that ueff at all of the locations decreases with the increase of
the buoyancy force.

Meanwhile, ueff is usually calculated away from the centre, at
the location x/dij = 0.2 as proposed by Rehme (1992). Most avail-
able spectral density data are located at the centre of the narrow
gap. A correlation was suggested by Rehme (1992) to evaluate
the ueff at the location away from the centre of the narrow gap
between the rod and channel wall:

ueff ¼ ueff ;x¼010
�0:78ððS=DÞ�1Þ�0:33ðx=dijÞ ð5Þ

The ueff calculated using Eq. (4) and that of LES are also listed in
Table 3. Rehme’s correlation can predict the ueff away from the cen-
tre of narrow gap with reasonable accuracy. As shown in Fig. 18, at
‘MP2’ (x/dij = 0.08) the ratio between the prediction of correlation
and simulation is around 0.85. With the location moving further
away to ‘MP3’ the accuracy of the correlation is more likely to be
affected by the buoyancy force. The ratio varies from 0.752 to
1.26 at ‘MP3’. The change in the spanwise size of the flow
structures in the narrow gap due to buoyancy force is expected
to be one of the reasons.

Since the sub-channels are connected with each other through
the symmetric plane of the geometry the mixing factors Y of differ-
ent cases are evaluated using ueff at the centre of narrow gap,
which are listed in the Table 4. The value of Y for the forced convec-
tion (Case 1) is 113.5. It is about 7.5 times the value of 15.4 shown
in the article by Wu and Trupp (1994). This is not surprising
because ueff is about the same in the current study and in Wu
and Trupp (1994) but �e is significant lower in the present
study due to the reduction of the Reynolds number. The value of
Y decreases with the increase of the buoyancy force, as the
ted in the middle of (a) narrow gap and (b) wide gap.
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Fig. 16. The streamwise space–time correlation function of u0 between point at 0.07 m and other points down the channel at centre of narrow gap in all of the cases. (The
value in the legend shows the distance of the point away from the reference point z = 0.07 m.)

Fig. 17. The streamwise space–time correlation function of u0 between point at 0.07 m and other points down the channel at centre of wide gap in all of the cases. (The value
in the legend shows the distance of the point away from the reference point z = 0.07 m.)
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Table 2
The convection velocity and wavelength of flow structures in narrow gap and bigger
gap.

Narrow gap Wide gap

Convection
velocity (m/s)

Wave
length/Dh

Convection
velocity (m/s)

Wave
length/Dh

Case 1 2.159 4.912 2.488 9.267
Case 2 2.156 5.013 2.857 11.473
Case 3 2.176 3.339 2.913 10.127
Case 4 3.313 14.412 2.689 11.697

Note: ‘Dh’ is the hydraulic diameter of the considered channel.

Table 3
ueff at certain locations and the ratio between values calculated from simulation and
correlation.

Cases ueff from LES ueff calculated using Eq. (5)

x/dij = 0 x/dij = 0.08 x/dij = 0.18 x/dij = 0.08 x/dij = 0.18

1 0.331 0.268 0.178 0.237 0.157
2 0.327 0.272 0.17 0.234 0.155
3 0.206 0.182 0.13 0.148 0.098
4 0.199 0.17 0.075 0.143 0.094

Fig. 18. The ratio of ueff evaluated by Eq. (5) and LES from different cases.

Table 4
Mixing factor of cases.

Cases Y Y/Yf

1 113.50 1
2 112.04 0.987
3 70.692 0.623
4 68.224 0.601

Note: Yf is the Y of the forced convection case (Case 1).
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ueff decreases. It decreases rapidly when the Bo⁄ increases from
1.5 � 10�6 to 2.4 � 10�6 in Cases 2 and 3, while the value is about
the same in the Cases 3 and 4.
4. Conclusions

The buoyancy-aided flow in a heated non-uniform flow passage
with a constant wall temperature is studied using large eddy sim-
ulation (LES) with a wall adapting local eddy viscosity (WALE)
model. The wall temperature is varied in different cases to study
Please cite this article in press as: Duan, Y., He, S. Large eddy simulation of a b
flow structures. Nucl. Eng. Des. (2016), http://dx.doi.org/10.1016/j.nucengdes.2
the effect of buoyancy. The quality of the simulations is demon-
strated by using the LES criteria suggested by Geurts and
Fröhlich (2002) and Celik et al. (2005). The main objective of this
research is to study the effect of buoyancy force on the flow struc-
tures. The key conclusions are summarised below.

The numerical model accurately predicts the behaviours of the
flow structures under the isothermal condition. In particular the
St�1 of the flow structures based on the bulk velocity is very close
to that obtained in the experimental work, even though the Rey-
nolds number of the present cases is just 10% of the original exper-
iments. It again proves that the St is dependent on the geometric
configuration only. In agreement with the findings of Wu and
Trupp (1993), the present numerical simulation also demonstrates
that the large flow structures do not just exist in the narrow gap of
the flow passage but also in the wide gap.

Due to the non-uniform distribution of body force, the velocity
field can be modified due to the buoyancy force. The velocity in the
narrow gap may be even higher than in the main channel when the
buoyancy force is sufficiently strong. As a result, the formation of
the large flow structures may be significantly modified. In addition,
some effects of the buoyancy force on the large flow structures in
the vicinity of the narrow gap are quite similar to its effect on the
general turbulence. The flow structures in the region are sup-
pressed when heat flux is applied. The amplitude of the velocity
oscillations decreases together with a reduced wavelength as well
as a decreased St�1. Once the heat flux is sufficiently high, the
amplitude of the velocity oscillations recovers, the flow structures
are stretched and St�1 becoming bigger. The effect of buoyancy on
the large flow structures in the wide gap is a little different. The
oscillation of the velocity due to the flow structures is weak in a
forced convection flow. However, the oscillation of the velocity is
enhanced once the heat flux is sufficiently high. The strengthened
correlation between the flow structures in the narrow gap and
wide gap is the main reason. The influence of Bo⁄ on St�1 in the
wide gap is similar to its counterpart in the narrow gap.

The mixing factor due to the large flow structures in the narrow
gap has also been discussed. It is demonstrated that the effective
mixing velocity ueff in the present forced convection case is similar
to the value obtained by Wu and Trupp (1994), even though the
Reynolds number of the flow they considered is ten times that of
the current flow. The buoyancy force reduces the ueff and results
in a reduced mixing factor. Finally, it has been demonstrated that
the correction of Rehme (1992) of the ueff profile in the gap predicts
the results of the present cases well, including the flows with
buoyancy influences.
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Appendix A

By considering the gird resolution and the Kolmogorov length
scale, Celik et al. (2005) proposed another quality index for the
large eddy simulation:

LES IQ m ¼
1

1þ am s�
1�s�
� �n ðA:1Þ

where am ’ 0.05 and n ’ 0.53. When LES_IQm is larger than 0.8, the
LES is normally considered as good, when it is equal or above 95%
the simulation can be considered as DNS. The challenge brought
by this definition is to find a way to evaluate the numerical
uoyancy-aided flow in a non-uniform channel – Buoyancy effects on large
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viscosity. Celik et al. (2005) proposed the following equation to
evaluate it:

lnum ¼ Cmh
ffiffiffiffiffiffiffiffiffiffi
knum

p
ðA:2Þ

In Celik et al. (2009), numerical kinetic energy knumis defined as
a function of SGS kinetic energy ksgs in:

knum ¼ Cnr2ksgs ðA:3Þ
while ksgs is defined as:

ksgs ¼
lsgs

CmD

� �2

ðA:4Þ

By substituting Eqs. (A.3) and (A.4) into Eq. (A.2), the relation
between mnum and msgs can be established:

lsgs

lnum
¼

ffiffiffiffiffiffi
1
Cn

s
D
h

� �2

ðA:5Þ

Cn is of order of 1. With D = h, it can be concluded as:

lnum � lsgs ðA:6Þ
It should be noted the relationships between lsgs and lnum men-

tioned above are the guesses based on different assumptions. They
can only be used to show the estimations not the accurate results.
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