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Natural circulation in an enclosed rod bundle of large aspect ratio
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Abstract

Highly turbulent natural circulation in an enclosed tall rod bundle is investigated using Large Eddy
Simulation (LES). The rod bundle consists of 36 heated rods and an insulated central tube, which
are enclosed by a cooled containment wall, this geometry is directly relevant to nuclear fuel bun-
dles and generic heat exchangers. For nuclear fuel bundles, natural circulation is of importance
in accident scenarios. A 60° azimuthally periodic sector of the bundle is modelled. The Rayleigh
number based on the height is 7.6 x 10'? and 1.23 x 10'3 for the two cases studied. The flow, tur-
bulence, and thermal characteristics of the system show strong distinct features in the top, middle,
and bottom regions (about 0.2, 0.6, and 0.2 splits), which are strongly influenced by the vertically
developing buoyancy-driven boundary layer on the containment surface. The flow in the top re-
gion is largely stagnant with strong thermal stratification and weak cross flow. A laminar boundary
layer is however formed on the containment wall which later transitions to turbulence. This turns
out to be the dominant flow feature in the rod bundle. The velocity profile and heat transfer in this
top region are well represented, respectively, by a similarity solution for laminar flow and a well-
established Nusselt correlation for an unconfined flat plate. In the middle-height region, the flow
can be naturally split into an outer flow and a central flow zone. The former resembles the flow in a
simple, rectangular, asymmetrically heated/cooled cavity, and the heat transfer to the containment

is well represented by a turbulent natural convection correlation. The central flow zone largely re-
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sembles mixed convection in a heated upwards pipe/channel flow, though the entrainment of fluid
from the outer zone means that the flow accelerates axially until the middle-height. Irrespective
of the differences in the two zones, the near-wall behaviour of the flow and thermal fields on the
rods and containment wall shows a strong similarity at different heights as well as between the two
zones. They are also shown to be consistent with buoyancy-driven flows in simple geometries. In
the bottom region, the flow is dominated by an impinging jet from the containment wall and a

resultant cross flow from the outer zone to the inner one.

Keywords: Natural convection, Rod bundle, Enclosed cavity, Buoyancy

1. Introduction

Investigations to date for natural circulation flows have mostly been on laminar flow and/or
simple cavities (rectangular or annular). However, in an industrial setting, the flow is usually
highly turbulent with complex geometry. This paper aims to add to the general body of knowledge
by studying thermal-hydraulics in the more complex configuration of a sealed rod bundle.

Elder[1] experimentally investigated turbulent natural convection in rectangular cavities with
aspect ratios ranging from 1 - 60. At Rayleigh numbers (Ra) greater than 107, the system tran-
sitioned to turbulence. The formation of the boundary layer was described as similar to that for
an isolated vertical plate. However, the critical Rayleigh number was found to be aspect ratio
dependant. Yin et al.[2] and MacGregor and Emery[3] both similarly concluded, the aspect ratio

influenced the critical Rayleigh number.

Nomenclature

Greek letters

* Corresponding author: s.he @sheffield.ac.uk
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o thermal diffusivity, A /pCp [m?/s]

B thermal expansion coefficient, 1/(T +273.15)[1/°C]
ATy Horizontal temperature difference
ATy  Vertical temperature difference

Axt Ayt Az" grid spacing

Oij Kronecker delta

A thermal conductivity, [W/m°C]

u molecular viscosity, [Pa s]

p density, [kg/m?]

Roman Letters

A aspect ratio, H/L

Cf  Fanning friction factor, 7,/p (W?/2)
Cp  specific heat capacity, [J/kg°C]

Grar Grashof number, gf3 (T, — T)L*/(v?)
Gr,» Grashof number, gBq”L*/(v*1)

H Height,[m]

Nu  Nusselt number, hL/A

Pr Prandtl number, uCp/A

Ra  Rayleigh number, GrPr

D diameter, [m]

g gravity, [m/s?]
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p/d

/!

T*

T+

heat transfer coefficient, [W / (m2 OC)}
turbulent kinetic energy, [m?/s?]
length scale, [m]

pitch-to-diameter ratio

heat flux,[W /m?

radius, [m]

radial distance,[m]

temperature,[°C]|

time, [s]

non-dimensional temperature

non-dimensional temperature normalised using friction temperature

u,v,w velocity components,[m/s]

u™,vt,wh non-dimensional velocity normalised using friction velocity

Vv

1%

Wt

reference velocity,[m/s]

kinematic viscosity,u/p [m?/s]

friction velocity, /7, /p [m/s]

x,y,z spatial distances, [m]

yT non-dimensional distance in viscous units, y© = yw; /v
A non-dimensional height

Subscripts

c cold surface
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crs  cross flow

h hot surface

i,j,k directional terms

max  maximum velocity

num —dif f numerical diffusion
sgs  sub-grid scale

w wall

Betts and Bokhari[4] carried out experimental measurements in a tall rectangular enclosure. The
aspect ratio of the cavity was 28.6 with a Rayleigh number of 10°. In the turbulent region, the
hot and cold boundary layers strongly interacted with each other. This leads to peak velocity
fluctuations occurring in the core of the cavity. Velocity and temperature profiles also had a linear
gradient across the core. This is contrary to the distributions observed for low aspect ratio cavities.
Cheesewright[5] studied a cavity with an aspect ratio of 5 and at the core, the flow was quiescent
with uniform temperature. Other investigators have made similar observations|[6, 3, 7].

Barhaghi and Davidson[6] used coarse DNS and LES to study, the natural convection bound-
ary layer in a sealed-tall cavity with an aspect ratio of 5. In their LES computations, the dynamic,
Smagorinsky and WALE models were tested. The authors further considered the influence of the
grid resolution on the obtained results, by refining the streamwise and spanwise mesh resolutions
by a factor of two for the LES computations. In the wall-normal direction the grid was maintained
at 98 divisions with a given y* value of 2 0.6. Results obtained suggested the convectional grid
resolutions used in forced flows were not appropriate for use in natural convective flows. In par-
ticular, the authors noted within the transition region the accuracy of the solution was highly grid

dependant. While in the turbulent region the solution was indifferent to the grid resolution. The
5
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authors also noted the onset of transition was predicted at different locations by the various sub-
grid models, with the authors contending transition onset was better predicted using the Dynamic
model. Kizldarg et al.[8] investigated the onset of transition in a water-filled cavity with a Prandtl
number of 4.31 and an aspect ratio of 5. They compared several sub-grid models against DNS
data. In their comparison they found the WALE model to perform better than the other models
tested with excellent comparisons against the DNS data.

The next portion of the literature review looks at buoyancy induced flows in geometries other
than cavities examples would include heated channels, vertical plates, etc.

The natural convection boundary layer on an isolated flat vertical surface was experimentally
studied by Tsuji and Nagano[9]. Contrary to forced convection flows they showed the y* range
for the viscous sublayer was much smaller. However, the profile for T+ against y*, showed for the
non-dimensional temperature a linear relation existed up to y* < 5, similar to forced convection
flows. In their measurements, the mean heat transfer rate remained constant with height, while the
wall shear stress increased.

Natural convection in an open-ended pipe was one of the test configurations experimentally
investigated by Eckert and Diaguila [10]. The length of the heated pipe section was 2.5 m with an
internal diameter of 0.6 m. High Grashof numbers, based on the length, up to 10'3 were studied
in the experiment. Thin momentum and thermal boundary layers existed on the heated pipe walls.
Heat transfer in the turbulent region was well correlated to that for an isolated flat vertical surface
in a large free space. However, in the laminar region heat transfer was over predicted. Large
diameter pipes were also investigated by Yan and Lin[11], using both experimental and numerical
methods. Similarly, they showed heat transfer phenomena was akin to an isolated vertical plate.

Ohk and Chung [12] experimentally and numerically investigated the influence of length, di-
ameter and Prandtl number on natural convective flow through an open-ended pipe. The pipe

6
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length ranged from 0.2 m to 1 m, with the pipe diameter ranging from 0.003 m to 0.03 m. A
wide range of Rayleigh numbers was investigated and the peak Grashof number based on length
was ~ 10'°. For large diameter pipes, the observations were consistent with the studies cited in
the preceding paragraph [10, 11]. Decreases in the pipe diameter and/or Prandtl number leads
to the thermal boundary layers merging and velocity peaks occurring near the centre, which is a
deviation from the typical natural convection flow profile. Instead, this is now a mixed convection
pipe flow. As the pipe length was increased it was shown the heat flux progressively reduced as
the thermal boundary layer developed along the pipe length.

Inagaki and Maruyama[ 13] investigated laminar, transitional and turbulent natural convection
between two uniformly heated parallel vertical plates open at four sides. The effect of various
gap spacings and channel length were additional parameters investigated. The working fluid was
water and the peak Rayleigh number (based on height) investigated was 10'>. In the laminar
region heat transfer increased with a decrease in gap spacing. This behaviour was attributed to
the chimney effect. However, in the turbulent region with a decrease in gap spacing heat transfer
deterioration occurred at Rayleigh numbers greater than 10'. The authors stated this behaviour
and the physical mechanisms underlying it was similar to heat transfer deterioration in forced flow
vertical channels as a result of buoyancy. Increasing the channel length had the following effects;
there was a notable increase in the chimney effect, leading to improved heat transfer in the laminar
region. There was also a marked increase on the effect of heat transfer deterioration but at now
higher Rayleigh numbers.

Lewandowski et al.[14] experimentally investigated the effect of gap spacing on the computed
Nusselt number for a symmetrically heated vertical channel. The working fluid was air with a
given Prandtl number of 0.71 and a peak Rayleigh number (based on height) of up to 10°. Gap
spacing was shown to have a significant effect on the heat transfer rate. At a gap spacing of

7
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approximately zero, the heat transfer was via conduction. As the gap spacing increased, convection
became dominant past a critical Rayleigh number. With a further increase in spacing leading to
the formation of the chimney effect, which greatly aided the heat transfer. A peak heat transfer
enhancement of 69% compared against that for an isolated vertical plate was recorded as a result of
these effects. However, further increases in gap spacing led to a weakening of the chimney effect
up until the increase in gap space was such that the two convective boundary layers no longer
interacted and the predicted heat transfer coefficient approximated to that of a flat vertical plate.
Studies that have investigated rod bundles geometries are given in the next couple of para-
graphs. Natural circulation in square rod bundle arrays was experimentally investigated by Key-
hani et al.[15]. The test configurations studied consisted of a 3 x 3 and a 5 x 5 rod bundle, with
pitch-to-diameter ratios of 3.08 and 2.25, respectively. The characteristic length used was that of
the containment diameter (D). For the 3 x 3 bundle, the resulting aspect ratio was H/D = 10.62
and the Rayleigh number range was 1.95 x 10* < Rap < 4.5 x 10”. The aspect ratio for the 5 x 5
case was H /D = 5.79 and the Rayleigh number range was 2.6 x 10° < Rap < 1.06 x 10°. Three
fluids which are helium, air, and water were considered for the 3 x 3 bundle. Their overall Nusselt
number correlations for the boundary layer flow regime were 0.072Ra%332 and 0.151Ra%274 for
helium/air and water, respectively. However, for the 5 x 5 bundle only helium was studied and the
Nusselt number correlation is 0.095Ra%323. A flow visualisation study was also carried out for the
3 x 3 bundle. The containment was switched to one made of acrylic giving an aspect ratio (H /D)
of 11.81 and the flow was visualised using suspended aluminium powder in ethylene glycol. The
Rayleigh number of the study was Rap = 2.92 x 107 and the Prandtl number was 46.4. The flow
observations showed that there was an upward boundary layer flow regime on the rod surfaces. At
the sub-channel centres, between the rods, there was no flow interaction thus the rods behaved as

if they were isolated. Interestingly, the authors noted there was a low magnitude downward flow

8



155

160

165

170

here. At the end-regions cross flow was observed.

In a related study[16], we investigated a similar rod bundle geometry to that investigated herein
but with a short height of 0.25 m. In this configuration, the fluid is stratified and the flow in the sub-
channels is stagnant. Natural circulation occurs on the walls and is dominated by the formation
and development of a laminar boundary layer on the containment wall. The spread of turbulence
from the containment wall had a strong influence on the flow development at the rods.

The review has shown a distinct lack of literature concerning natural circulation in rod bundle
type geometries. This paper aims to investigate natural circulation in a rod bundle similar to that
studied by Chinembiri et al.[16] but with much larger aspect ratios by increasing the domain height
fourfold, thus allowing investigations into fully developed turbulence. In turn, this would feed into
the overall aim of providing new knowledge in natural circulation flows in enclosed cavities.

The paper is split into the following sections; Chapter 1 covers the numerical methods, general
setup, and details of the various non-dimensional parameters of interest. Chapter 2 details the

results obtained from the simulations conducted and the conclusions are given in Chapter 3.

2. Numerical method

Simulations conducted for the present study are carried out using Code_Saturne an open-source
solver developed by EDF. Code_Saturne is a finite volume, co-located, and single-phase solver,

which is routinely used for nuclear thermal hydraulic problems.

2.1. Governing equations
LES simulations are conducted in this study and the spatially filtered governing equations are
given below.

Continuity:

dp n dpu;

o om0 W
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Momentum:

dpwi 9 , . P o (om Ju\ IpT,
—_ ) — . (e 7T 2
o0 oy, PHEE) = g psit g (8xj+8x,-> Ix; @
Energy:
OT IwT\ u 0°T Ipllgs,
p (E_F 8x,~ >_ I?r&x,-xi B 8x,~ (3)

The large scales are resolved in equations 1 - 3, while the scales smaller than the filter width
(sub-grid scales) are modelled. The term 7;; represents the sub-grid scale stress tensor, which is

closed through the use of a sub-grid model and the eddy viscosity assumption as shown in Equation

4:

— 1
T = —2vsgsSij + gfkkaij 4)

where S_,] is defined as % (g—z + g—?) Vsgs 18 the sub-grid scale viscosity. The term %Tkk&' 18
accounted for through the introduction of a modified pressure (i.e. P* = P+ %Tkk&- i)

In the energy equation, the term IT also needs to be modelled and is computed as:

Vg OT
BT Pr oy

®)

where (Pr;) is the turbulent Prandtl number. Equation 4 and 5 require the sub-grid viscosity (vsgs)
and for the present simulations the Wall Adapting Local Eddy (WALE) viscosity model shown in

Equation 6 by Nicoud and Ducros[17] is used:

—_\3/2
(5550)

- 5/2 ——\5/4
(S555)™" + (57,57,>

Vsgs = (Cm : A)z (6)

10
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here 57 is defined as 4 ( (22)" 4 (2%)) — 15, (2)". Ais the grid size, which i ted

where S is defined as 7 { { 57 +{ % —39ij {3y, ) - Als the grid size, which is compute
as (Ax, Ay, Az)l/ 3. Cpy is a model constant and in Code_Saturne is taken to be 0.25.

Concerning the discretisation schemes employed, the temporal and spatial schemes are sec-

ond order with the Crank-Nicholson and Second Order Linear Upwind (SOLU) schemes used,

respectively.

2.2. Geometry

The heating rods are arranged into three concentric ranks, which are enclosed by a cylindrical
containment (see Figure 1). Diameters for the rod and containment are 0.0153 m and 0.1923 m,
respectively. The rods are split into the three aforementioned ranks, which are radially located at
0.025 m, 0.051 m and 0.079 m. A representative p/d ratio of 1.8 can be given for the whole bundle.

A block structured mesh consisting of ~ 77 million elements is generated. Using data from
the highest heating case and a physical distance (y) defined as that between the first cell centre
and wall, the peak y™ value in the domain is < 0.52, indicating the first mesh cell nodes are within
the viscous sublayer. The values for the spanwise and streamwise grid spacing calculated at mid-
height are Ax™ = 44.5 and Az" = 35.7, respectively. The mesh cross-section is given in Figure
1.

In transition regions, results from LES have been shown to have a grid dependency[6, 18].
Looking at work from researchers such as Nakao et al.[18], and Barhaghi and Davidson[6] dif-
ferences in grid sizing altered the point of transition (and statistics within this region). However,
statistics in the laminar and turbulent regions were largely independent of the mesh size. Conse-
quently, it is expected that the particular location of transition may vary somewhat, but flow devel-
opment pre-transition and the turbulent flow characteristics after transition are reliable. Nonethe-

less, during grid generation, the earlier work of other researchers has been considered with the

11
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vertical grid spacing at mid-height roughly corresponding to that reported by Nakao et al.[18].

2.3. Properties, boundary conditions and numerical setup

Carbon dioxide at a pressure of 3 MPa is the working fluid. Density is temperature dependent
and is modelled using data obtained from the National Institute of Standards and Technology[19].
The remaining physical properties are specified as constants and their values are given in Table 1.

Table 1: Physical property constants imposed on the fluid

Property Value Units
Dynamic viscosity 2.712x 107 Pas
Thermal conductivity 0.04 W/m°C
Specific heat 1088 J/kg°C
Prandtl number 0.737 -

As seen in Figure 1, the geometry is reduced to a 60 ° sector. Although reduced, there are still
multiple sub-channels available in the sector, and as will be shown later, away from the domain
ends and point of transition the flow is primarily constrained to the sub-channels. The azimuthal
ends of the sector are modelled using rotational periodicity. The top, bottom, and central rod
(guide tube) walls are adiabatic. A constant heat flux boundary condition is applied at the rod
wall and the values used are given in Table 2. A convective boundary condition is assigned at the
containment surface with a fixed heat transfer coefficient of 700 W/m? °C and sink temperature of
110 °C. Finally, all the surfaces concerning the flow are modelled as smooth walls.

Table 2: Case definition

Case name  Heat flux
Case-1 1154 W/m?
Case-2 289 W/m?

12
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2.4. Non-dimensional parameters

The characteristic length of the rod bundle cavity can be defined in multiple ways. For example,
one can take the characteristic length as the distance between the hot and cold surfaces, as typically
done for simple cavities. Alternatively, the hydraulic diameter of the sub-channel can be used.
This is to treat the flow through the interior sub-channels as analogous to a heated pipe flow (this
is discussed later).

Natural circulation flow in cavities can be characterised by the Rayleigh number, aspect ratio
and Prandtl number. As seen in Table 1, the Prandtl number is fixed to 0.74. The aspect ratio (A)
is defined as H/L where H is the height and L is length scale of the flow passage. Taking the length
scale to be the distance between the heating rod surfaces and the cooling containment wall, the
aspect ratios are 14, 22 and 57 ordered from the first to last rank. Using the mean internal sub-
channel hydraulic diameter as the length scale gives an aspect ratio of 23. The Rayleigh numbers
based on the heat flux and temperature definition are now computed using the bundle height (H),
minimum and maximum length scales (i.e. L1 and L3 for Rank-1 and Rank-3, respectively). These

values are given in Table 3.

Table 3: Rayleigh numbers for the heating cases considered using different length scales. Raag, is computed using
the overall domain maximum and minimum temperatures.

Parameter Case-1 Case-2

Ragar,  123x108 7.6 x 102
Ray) Az, 45%x10° 2.7x10°
Rajzar,  6.7x107  3.4x107

Ray 1.5x10%  7.97 x 10"
Rap; 3.4x109  2.1x10!°
Raz; 1.4x10°  7.5x10’

The Rayleigh numbers are computed using the following definitions; Ray; = gBATL? / (var)

and Raq// = gﬁqa}lﬁ/ (VOC)L).
13
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(c) Full cross-sectional figure

Figure 1: Cross-sectional resolution of the mesh used in the LES computations.
3. Results

A schematic of the data extraction locations and sub-channel divisions is given in Figure 2.
The direction in which the profiles are plotted is given by the arrow direction, with (y/ypax = 0)
being the tail end.

235 In the simulations, a fixed time step of 0.0004 s is used for all the cases. This gives a peak
Courant number of approximately 1. However, in a few isolated cells (<< 0.1%) for the highest
heating case the Courant value fluctuates above 1. In the majority of the cells, the peak Courant
values are well below 0.5 and the peak spatial mean is ~ 0.1 at any given instance. A further
reduction in the time step value to control the peak Courant value in the isolated cells would mean

20 @ large portion of the domain would have cells with essentially zero Courant numbers (bringing
14
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(b) Vertical plane at 8 = 0.0°

Figure 2: Schematic of the sub-channel divisions (denoted by Sub_* ), the extraction locations for the profiles and a
vertical plane. The adiabatic guide tube is coloured black. The fuel rods have a constant heat flux boundary condition
and are coloured red. The cooling containment wall has a convective boundary condition and is coloured blue.

the spatial mean to well below 0.1).

Barring the numerical implications of the chosen time step, it also must be assessed in terms
of the accurate resolution of the flow physics. To achieve the aforementioned, a viscous time step
is computed for the containment surface here, the flow transitions from laminar to highly turbulent

(will be discussed later). The viscous time step is thus defined as:

At = — (7)

The computed wall time step based on the LES simulation data for case-1 and case-2 is shown
in Figure A1 in the appendix. As can be seen, the lowest time step is approximately 7.5 x 1074,

while the one used in the simulation is 4 x 10~*. This demonstrates the time step used is conser-
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vative in terms of flow physics, and such a small time step is due to the requirement of numerical
stability.

Once the LES simulation converges, the averages are restarted, and the statistics calculated
over a period slightly longer than 100 s for both cases. To assess the convergence of the statistics,
profiles are extracted along Line_1 and Line_5 in Figure 3 (see Figure 2 for the data extraction

location). The profiles are plotted at three-time points, and the comparison clearly shows a well-

converged solution.

At=12s << At=37s Z*=0.3
At=12s << At=37s Z*=0.6

e—a (Case-1
e—e (Case-1

e—e Case-1 E-# At=12s << At=37s Z*=0.8
0.06 . : : :
0.12} |
N ®
o =
o < 0.06 . X
g g B e B8
K
008502 04 06 08 1.0 008502 04 06 08 1.0
Yy Yy
ymaz ymax
(a) Line_1 (b) Line_5

Figure 3: Turbulent kinetic energy plotted at different times for case-1 at Line_1 and Line_5 (Extraction locations
are given in Figure 2). Please note the time difference in the plots is that from the final time point to the respective

comparison time points.

LES_IQ, can be used to determine the LES simulation quality, the parameter was proposed by

Celik et al.[20] and is defined as shown in Equation 8.

1
8)

LESIQ, =
C 14005 (5:)"7

S* is computed as shown in Equation 9. Where it has been taken sub-grid viscosity is equal to the

16
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numerical viscosity 1.€. Usgs & Unum-dift-

§F — Usgs + Hnum-diff
Usgs + Unum-diff T U

9)

Computations are considered to be good if this value is above 0.8. Computing this parameter gives
a minimum value (considering both cases) of 0.91. Contour plots of this parameter are given in

Figure A2.

3.1. Global - flow pattern

The general behaviour of the flow, turbulence, and thermal fields is illustrated on a vertical
plane at 8 = 30° in Figure 4. From left to right, the walls are those for the insulated guidetube,
side walls (left and right) of a heated second rank rod, and the cooled containment wall. Con-
sequently, the “channel” on the left is typical of an asymmetrically heated channel, whereas that
on the right is typical of a heating and cooling channel. For figure 4, the velocity and turbulent
kinetic energy contours are normalised using the buoyant velocity (V,, a7, ), which is defined as
Voar, = (8BATy v)l/ 3. The temperature difference (ATy) used for the buoyant velocity is that
between the domain maximum (7,) and minimum (7;). Similarly, the temperature contour plot
is normalised using the maximum and minimum difference. Contour plots illustrating the cross-
sectional behaviour are extracted at several axial locations and shown in Figures 5 and 6, for the
velocity and turbulent kinetic energy, respectively. To show the local variation at each axial loca-
tion, the cross-sectional contours are normalised using the absolute peak velocity of the slice.

Considering figures 4, 5 and 6 in conjunction, the flow can be split into three definitive vertical
regions, which are initially briefly introduced in listed form below.

The Z* locations and the ensuing discussions below are representative for both case-1 and
case-2:

17



280

285

290

e The top region at Z* ~ 0.75 - 1.0: This region is largely made of a stagnant stratified fluid
with a thin downward laminar boundary layer on the cooling containment wall and turbulent

upward boundary layers on the heated rods.

e The middle (main section) region at Z* =~ (.15 - 0.75: In this region, the flow is highly
turbulent with a large scale downward flow near the containment and an upward interior

flow in the sub-channels formed between the fuel rods/guidetube.

e The bottom region at Z* ~ 0.0 - 0.15: This region is characterised by the downward flow

impingement and a cross-flow.

3.1.1. The top region

Figure 4(a) particularly highlights the developing boundary layer flow at the containment sur-
face, boundary layer flow at the rods and a largely stagnant region away from the walls. Little or
no turbulence levels are observed at the containment surface. However, transition to turbulence
occurs towards the lower part of this region and when this occurs, turbulence is initially generated
where the gap is narrowest with the third rank rods (Figure 6(e)). These peaks form close to the
containment surface and are a result of the shear production of turbulence. The onset of transition
in enclosures is known to be aspect ratio dependant and this seemingly leads to initial turbulence
generation occurring where the distance between the hot and cold surfaces is at a minimum and
thus aspect ratio is largest.

Figure 4(a) also shows the flow on the rods is constrained to the boundary layers, which re-
duce in thickness as the flow ascends. Eventually, close to the top wall, the boundary layer flow
stagnates due to the end effects and stratification. Turbulence is shown to occur in the regions
surrounding the rods with little or no turbulence at the cores, which also happen to be regions

of stagnant flow. One of the characteristics of boundary layer flow regimes in cavities is vertical

18
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temperature stratification. As seen in Figure 4(c), the vertical temperature distribution is heavily
stratified for the top region. The cross-sectional temperature distribution (not shown) is uniform
with significant temperature gradients only occurring across the boundary layers.

Due to the effects of buoyancy, the flow ascends at the heated rod surfaces and descends at
the cooled containment wall with a general clockwise rotation thereby forming the primary flow
circulation. Figure 5(f) shows close to the top wall as part of this circulation, the hot gas traverses

from the interior sub-channels to the containment wall with relatively high cross-flow magnitudes.

3.1.2. Middle region

The middle region makes up most of the cavity and is dominated by turbulence effects. Tran-
sition to turbulence at the containment surface is qualitatively shown to occur at a dimensionless
distance (Z*) of approximately 0.8, with the turbulent region commencing at Z* ~0.75. This is
particularly illustrated in Figures 4(a & b) by the sudden expansion of the boundary layer thickness
and the drastic increase in turbulence levels at this location.

At the point of transition, the flow is entrained from the interior towards the containment wall
due to the rapid growth of the boundary layer thickness. Figure 5(d) shows the cross-flow vector
magnitudes are significantly greater than those observed close to the top wall. Enhanced chaotic
mixing occurs from here on and is perhaps best characterised by the ensuing nearly uniform verti-
cal fluid temperature. This is in stark contrast to the top region, which is heavily stratified.

When transition occurs, the turbulence peaks are initially located close to the containment
surface. However, with depth a large scale downward flow structure exists on the right-hand side
where cooling occurs. This flow structure is strong and extends well beyond the containment
wall. Figure 5(c) shows the flow is entirely downward up to the third rank rod gap, essentially

there is heated downward flow or buoyancy opposed flow at this surface. On the left-hand side,
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the interior channel flow is entirely upwards. The vertical vector plots in Figure 4(a) indicate an
acceleration of the interior channel flow from the bottommost to approximately the mid-height
Z* =0.5. This is seemingly followed by a deceleration region, culminating to much-reduced flow
vector magnitudes at the top of the middle region.

These two opposing flows interact at the gaps of the third rank rods and the black contour
line for W/Vay . = 0 demarcates them. Below Z* = 0.75, turbulence peaks are located near here
indicating this shear layer dominates turbulence production. Turbulence spreads from here to the
interior sub-channels and this is best illustrated by Figure 6(c). At the interior rod gaps, high free-
stream turbulence levels are evident and from a qualitative viewpoint appear to prevail over the
local turbulence production at the rod surfaces.

Earlier on, two channels separated by the second rank rod were identified (see Figure 4). On
the right-hand side (heating and cooling) channel, the flow strongly resembles that of the Betts
and Bokhari case study [4], and for the left-hand side channel, the behaviour is that of a heated
upward flow. Third rank rods encapsulated within the right-hand side channel appear to act as
mere obstructions to the flow and generation of turbulence (see Figures 5(c) and 6(c)). It is quite
interesting to note, at the third rank rod walls facing the containment surface, there is no evidence
of upward flow in the turbulent region. On this portion of the rod wall, the local mean flow opposes
the buoyancy force (buoyancy opposed flow) and the lack of upward flow near here gives a further
indication of the strength of the downward flow.

Keyhani et al.[15] conducted experiments in a 3 x 3 and 5 x 5 rod bundle. The reported
flow visualisation results in their paper were based on the 3 x 3 rod bundle at a Rayleigh number
(based on the containment diameter) of 2.97 x 10”. The Prandtl number was 46 as ethylene glycol
with suspended aluminium particles was used to aid flow visualisation. The flow descriptions in

their study closely resembled those of the top region in the present simulations. Boundary layer
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flow was observed and the rods did not interact with each other. In cavities, the flow regime
is dependant on the Rayleigh number, Prandtl number and aspect ratio. A higher aspect ratio
decreases the critical Rayleigh number required for the onset of transition, while a higher Prandtl
number increases the critical Rayleigh number. The aspect ratio for their study based on the 3 x
3 hydraulic diameter is ~ 13, compared to 23 for the current study. In the visualisation study by
Keyhani et al.[15], the Prandtl number was higher 46 compared to 0.737 in the present simulations.
Finally, the Rayleigh number (based on the containment diameter) in the current study is ~ 2.5 X
10°, which is larger than those considered in their flow visualisation experiments. The difference
in flow visualisation reflects the differences in the flow regimes that exist in the two studies: largely

laminar in Keyhani et al.[15] whereas mostly turbulent herein.

3.1.3. Bottom region

The bottom region starts below Z* = 0.2, where the boundary layer at the containment wall
begins to show a decrease in thickness. Within this region, the flow is diverted towards the interior
from the containment and it is shown, the cross-flow vector magnitudes increase approaching the
bottom wall (see Figure 5(a & b)). In Figure 6, the overall local peak turbulence values occur at
Z* = 0.01 and close to the containment wall. At this location, the downward flow impinges onto
the bottom wall increasing turbulence production.

In the interior, the flow begins its ascent from the bottom of the rods. It is readily apparent the
boundary layer at the rods has a shorter development length in comparison to that observed at the
containment wall. However, as seen in Figure 4 there is a difference in the rod flow development
based on the two channels identified earlier. On the left-hand side channel, the heated rod wall is on
the leeward side of the cross-flow. Away from the rod wall (going further left to the adiabatic wall)

there is stagnant to very low magnitude downward flow. Initially, a boundary layer is observed
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on this surface. In contrast, on the right-hand side, where the rod is directly facing the cross-flow
s70  Nno stagnant region is observed. Instead the upward and descending flows still interact even quite
close to the bottom wall. Visually, the development of the boundary layer on the rod here appears

somewhat affected by the impinging cross-flow and stronger convected turbulence.
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Figure 4: Contours of turbulent kinetic energy, velocity and temperature extracted from Case-1. Slices are taken at
0 = 30°. The black contour line (only shown for velocity) is specified at w/Vimax ; = 0.0. To better represent the data,
the height of the domain is shrank by a factor of 4.

3.2. Statistical distributions

Global contour plots have shown the overall flow behaviour in the bundle differs not just ver-
s tically but also based on the sub-channel. The channels are split by the second rank rod as seen

in Figure 4. The discussion of the profiles is therefore further split into two regions based on the
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Figure 5: Axial velocity contours extracted for Case-1. Contours at W/Vmax . = 0.0 are marked with a black line.
Vinaxz 1s used in normalisation and is the peak axial velocity of the slice. A dimensional value for the cross-flow peak
( Virs) 18 given.
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Figure 6: Contour plots turbulent kinetic energy extracted for Case-1. The contours are normalised using the peak
velocity of the slice and a scalebar is shown for each subfigure to maximise the variation.
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defined channels which are; the heating and cooling outer channel, likened to Betts and Bokhari
case study[4] including sub-channels 4 to 9 and the heated upflow central channel, including sub-

channels 1 to 3.

3.2.1. Outer region

Velocity, temperature, and turbulent kinetic energy profiles are shown in Figures 7 to 9. The
profiles are extracted from Line_5 and Line_6, representing the narrow and large gaps existing in
this region respectively, with the locations of these lines illustrated in Figure 2. First we note that
the profiles for cases 1 and 2 are very close to each other and in the following discussion, we will
not distinguish between them unless stated otherwise. The velocity profiles are normalised using
the buoyant velocity. The vertical temperature difference (domain maximum (7},) and minimum
(7)) is again used to fix the buoyant velocity and show the development of the velocity profiles.
For the turbulent kinetic energy profiles given in Figure 9, the normalisation is carried out using
the peak streamwise velocity at the extraction location. Using the peak streamwise velocity allows
for the comparison of turbulence levels to general flows. Temperature profiles are given in Figure
8. These profiles are computed using the local maximum 7}, ; and minimum 7 , temperatures.

Line _6 is extracted from the second rank rod to the containment surface. This line exhibits the
typical behaviour expected of an opposing upward and downward flow in a heating and cooling
channel. In the top region, the boundary layer is thin (and of laminar nature as will be further
shown later) at Z* = 0.8 and Z* = 0.9. This is supported by the turbulence kinetic energy profiles,
which show little to no turbulence levels here. In the next section, a similarity comparison is carried
out for the laminar containment flow. At Z* = 0.7, the flow is clearly turbulent but still developing
and it becomes fully developed between Z* = 0.6 to Z* = 0.3, as seen from the identical profiles

for turbulence and velocity. Below Z* = 0.2, the flow profiles start to alter due to the encroaching
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end effects.

The temperature profiles are also similar to each other between Z* = 0.6 to Z* = 0.3. Tem-
perature variation is quite significant near the walls, however away from the walls a uniform tem-
perature core is seen and this remains true from the top wall right-down to the bottom wall. In
contrast for velocity, the core is initially stagnant at the top region (Z* = 0.9 and Z* = 0.8). In the
middle highly turbulent region, the boundary layers between the opposing flows strongly interact
with each other resulting in a linear gradient profile across the gap. Turbulence peaks as observed
in the contour plots occur in the core as a result of the second shear layer. The aforementioned
flow behaviour is similar to the observations made by Betts and Bokhari[4].

Line_5 is extracted from the third rank rod to the containment wall. At the top region, the flow
is constrained to the boundary layers, with a stagnant core similar to that along Line_6 even though
with a thinner boundary layer. But in contrast to that along Line_6, in the turbulent region the entire
flow is going downwards, clearly dominated by the strong cooling effect on the containment wall.
This region of buoyancy opposed flow on the rod extends from Z* = 0.7 to Z* = 0.2. This is the
only location in the domain where such a scenario arises. At all the other heated or cooled surfaces
buoyancy aided flow is prevalent. It should be noted however that the buoyancy does cause the
velocity gradient to be lower on the rod than on the opposite wall as expected. Turbulence peaks
across this gap are shown to be broad and flat in comparison to those for Line_6, which have a

peak in the interior.

3.2.2. Central region
Velocity, temperature, and turbulent kinetic energy profiles for this region are given in Figures
10 to 12. Normalisation of the profiles is as discussed in subsection 3.2.1. The flow in the left-

hand side region is primarily heated upflow but with interference from the right-hand side region.
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Figure 7: Outer region profiles for the axial velocity at different heights. The profiles are normalised using the buoyant
velocity (V"ATV = (gBATyvV) 1/ 3) . The profile at mid-height (Z* = 0.5) is added to each subplot using black-thin lines.
The profiles shown are obtained from Line_1, Line 2, and Line_ 9. Line_1 and Line 2 are extracted
across the rod gaps, while Line_9 can be considered an extension of Line_6 to the left-hand side
region and spans from the heated second rank rod to the adiabatic guide tube wall.

At the rod gaps (Line_1 and Line_2) as the flow ascends, the boundary layers on the opposing
rod surfaces merge. Between Z* = 0.1 and 0.7, the free-stream turbulence levels at the gap centres
are quite significant. This is due to turbulence spreading from the right-hand side, thus we see
a departure from the typical natural convective flow profile to one more typical for forced/mixed
convection flows between Z* = 0.2 to Z* ~ 0.6 — 0.7. Above these heights in the top region,
free-stream turbulence levels began to drop at the rod gaps as there is less turbulence convected
from the right-hand side. The flow is now constrained to the boundary layers. The increasing
end effects and stratification eventually destroys the vertical boundary layer flow. The profile for

Line 2 is asymmetric at Z* = 0.1, 0.7, and 0.8. This occurs as the profile straddles the first and
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Figure 8: Outer region temperature profiles extracted at differing axial locations. The profile at mid-height (Z* = 0.5)
is added to each subplot using black-thin lines.

second rank rods, thus is heavily influenced by the cross-flow at these locations.

The temperature profiles for Line_1 and Line_2 show the boundary layer thickness is largely
unchanged with height and hence showing the profile typical of a fully developed internal chan-
nel/pipe flow. Changes in the thickness can however be seen at the transition from laminar to
turbulence. Similar to the profiles shown for the right-hand side region, there is a largely uniform
temperature core with significant temperature variation occurring across the boundary layers.

It is interesting to note for both Line_1 and Line_2, the peak amplitude of the velocity profile
alters with height between Z* = 0.2 and 0.7. In particular, for Line_1, it can be noted below
the mid-height flow acceleration occurs. Above mid-height between Z* = 0.6 and 0.7, the flow
decelerates although the shape of the profile largely remains the same. Past Z* = 0.7, the flow
continues to decelerate though this is now coupled with a change in the profile shape. The flow

does not appear to fully develop between Z* = 0.2 and 0.7. Across this gap, the flow is akin
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Figure 9: Outer region turbulent kinetic energy profiles extracted at differing axial locations. The local peak velocity
of the profile is used in normalisation. The profile at mid-height (Z* = 0.5) is added to each subplot using black-thin
lines.

to that in a heated channel but due to its open boundaries, the chimney effect may draw flows
from neighbouring such-channels causing the flow to accelerate. For example, results of Ohk
and Chung[12] show due to the chimney effect flow acceleration occurred in their case study. A
similar effect occurs here until Z* = 0.5. Past the mid-height, cross-flow from the interior (left-
hand side region) towards the containment (right-hand side region) gradually increases starting
the deceleration process. Later on, inner scaling laws are used to check the self-similarity of the
profiles in the turbulent region and bulk quantities at a sub-channel level are used to assess the
influence of the cross-flow and bulk behaviour of the flow.

Line 9 generally follows similar trends to those discussed for the rod gap profiles, although
there are a few dissimilarities. At the top region (Z* = 0.9 and Z* = 0.8) there is heated boundary

layer flow on the rod surface. Away from this surface, the flow is stagnant up to the adiabatic guide
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tube wall. In the middle region, there is an upward flow throughout the entirety of the profile. The
influence of the strong downward flow structure in the outer region and the spread of turbulence as
seen in Figure 10 and 12 propagates all the way to the guide tube wall. Away from the top/bottom
developing regions, the flow is akin to a forced convection on the insulated guide tube side. Close
to the heated rod however, the velocity profile shows a characteristics of one in a strongly heated

upward pipe flow, which normally show a M-shape profile.
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Figure 10: Central region profiles for the axial velocity at different heights. The profiles are normalised using the
buoyant velocity (Vn,ATv = (gBATyV) 1/ 3) . The profile at mid-height (Z* = 0.5) is added to each subplot using black-

thin lines.

3.3. Laminar boundary layer

The initial flow at the top of the containment wall is laminar before transitioning to turbulence.
Similarly, at the rods the flow would develop from an initially laminar state as it begins its ascent
from the floor. In this section, comparisons are made against similarity solutions for buoyancy

induced flows. Two similarity solutions are considered; at the containment surface the comparison
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Figure 11: Central region temperature profiles extracted at differing axial locations. The profile at mid-height (Z* =
0.5) is added to each subplot using black-thin lines.

1s made against the similarity solution for buoyant flow on flat vertical surface by Ostrach[21]. At

the rod surfaces, the comparison is against the slender cylinder similarity solution republished by

Popiel[22] but originally from Sparrow and Gregg[23].

3.3.1. Similarity solution - Containment

In Ostrach’s[21] similarity analysis, the stream function and similarity variable are defined as

shown in Equation 10 to transform the momentum and energy into the form shown in Equation

11:

G 1/4
n= % (%) (10a)
1/4
¥ =F(n) |4 (—GrzétATH) (10b)
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Figure 12: Central region turbulent kinetic energy profiles extracted at differing axial locations. The local peak
velocity of the profile is used in normalisation. The profile at mid-height (Z* = 0.5) is added to each subplot using
black-thin lines.

F" £ 3FF" —2F? 4+ T* =0 (11a)

T +3PtFTY =0 (11b)

where T* is computed as T — T.. /T, — T.. The transformed equations for momentum and energy
are higher order differentials and coupled together. Boundary conditions at 1) = 0 are given as;
F'(0)=F(0)=0, T*(0) = 1 and those at 1 = o are given as; F’ (c0) = T* (00) = 0.

To compute the solution, initial values at 7 = 0 for F” (0), which is the velocity gradient at
the wall and 7% (0), which is the wall temperature gradient need to be obtained. This is done by
firstly reducing the higher order differential equations (Equation 11) into a system of first order

differential equations, this process yields five first order differential equations with three coming
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from momentum and two from the energy equation. This system is solved using the explicit
Runge-Kutta method. Since this is an initial value problem, the values for F” (0) and 7* (0) which
satisfy the given boundary conditions at 7 = o need to be obtained. This is done by supplying
the initial guess values and then iteratively solving until the successively updated approximate
initial guess values satisfy the boundary conditions at 1 = o. To quickly check, if the solver is
implemented correctly one can compare the predicted values against those from Ostrach’s solution.
At Pr =1, Ostrach’s values are 0.642 and -0.5667 for F” and T*”, respectively[21]. Setting Pr =1,
solutions from the implemented solver return similar values (identical to the third decimal place).
The computed initial values are then used as boundary conditions and the system is again solved.

Similarity solution for velocity and temperature are shown in Figure 13 and 14 at the con-
tainment surface using Line_5 and Line_6 to compare with the LES simulation. The agreement is
good for Z* > 0.83 for Line_5 and Z* > 0.79 for Line_6. Comparisons of the similarity solution
against temperature show fairly reasonable agreement. Similar to velocity it is noted that Line_5
starts showing significant deviations at a shorter development length compared to Line 6. The
difference in the location of the transition for Line_5 and Line_6 is likely due to the lengths of
the lines, that is the gap sizes of the ’channels’. This is known to influence the the location of
the transition. At Line_5, the rod is in much closer proximity to the containment wall and as seen
from the turbulent kinetic energy contour plots at Z* = 0.75 and 0.875 shown in Figure 6, there
are turbulence peaks here in comparison to the rest of the containment wall. These contours show

elevated turbulence regions on the containment wall locations adjacent to the third-rank rod.
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Figure 13: Velocity comparison of LES simulation data against the similarity solution by Ostrach[21] for Line_5 and
Line_6. The containment surface is now located at y/y,,q = 0. The top region from Z* = 0.96 to Z* = 0.74 is extracted
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Figure 14: Temperature comparison of LES simulation data against the similarity solution by Ostrach[21] for Line_5
and Line_6. The containment surface is now located at y/ymq = 0. The top region from Z* = 0.96 to Z* = 0.74 is
extracted.
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3.3.2. Similarity solution - Rods
The similarity variable (1), radius of curvature effect (§) and the stream function (W) are

written as follows for the case of a slender cylinder[22]:

14 R77/4 (’,2 _RZ)

N =Grylay, i (12a)
4 2P
& =Grtpary s / (12b)
3y 2279
F(1,8)=Grn, i (12)

where R is the rod radius and z is the axial coordinate. The governing equations for momentum

and energy are then transformed into[22]:

OF 0°F JF 9’F I’F _, 0 J’F o
5(%%‘@112)‘%2—5 %V”"%—w]*i roo
dT* dF JT* JF aT* &% 0 oT*
5(95 o1 on ag)_ an _ﬁ%{“”‘g) 8n}

(13b)

In comparison to the similarity solution for a flat plate, the variables are now also a function
of the radius of curvature (F (n,§) and T*(n,&)). These variables are equivalent to the series
expansions shown in Equation 14. The first term in the series expansion is essentially the flat plate

solution by Ostrach[21].

F(n,6)=&*[Fo(m)+EFR () +E*FH(n)+-] (14a)

T*(N,&) =Ty (M) +ET7 () +EXT5 () + -+ (14b)

As shown by Popiel[22] and more in-depth by Goodrich[24], the series expansion can be sub-

sos stituted into the momentum and energy equation, yielding a set of coupled differential equations,
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with the higher order series expansion terms dependant on the lower order terms. Herein, the se-
ries expansion is considered up to the second order term. The resulting system of equations are
solved in a similar manner to that described for the flat plate solution. Initial values at 1 = 0 for
F!, and T;” need to be obtained. This is done by iteratively solving the system of equations until
the boundary conditions at 1] = oo are satisfied. To check the implementation of the solver, the ob-
tained initial values are compared against those published by Goodrich[24] for a Prandtl number
of 1. Table 4 shows the comparisons.

Table 4: Comparisons of the initial values for F,,’, and T, from the current study against those from Goodrich[24].

Fél Flll F2// TO*/ Tl*/ T2>k/
Goodrich[24] 0.6421 0.048035 -0.00195 -0.5671 -0.2237 0.0251
Present study 0.6421 0.04798 -0.00196 -0.5671 -0.2236 0.0252

Figure 15 shows the similarity comparison for temperature and velocity for a first rank heating
rod. The flow at the rods is seen to agree quite well at Z* = 0.01 but develops much faster compared
to the containment wall and by Z* = 0.04 it has largely deviated from the similarity solution.
Temperature comparisons show quite good agreement at Z* = 0.01, however even at Z* = 0.07

there is just a slight deviation from the similarity solution.

3.4. Near-wall behaviour in the turbulent region

Non-dimensional near-wall profiles normalised using viscous wall units are presented in this
section. The velocity profiles are normalised using the friction velocity (w;) and plotted against the
dimensionless distance (y*) at Line_1 and Line_6. Friction velocity w is defined as /7,,/p, where
the 7, is the wall shear stress defined as udw/dy |,—o. As to be expected for natural convective
flows, the velocity profile deviates from the viscous sublayer profile (W™ =y™) at y© ~ 1 and

the log-law region typical to forced convection flows does not exist. Adopting the approach from
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Figure 15: Temperature and Velocity comparison of LES simulation data against the slender cylinder similarity
solution for Line_1. Data is extracted for the bottom region from Z* = 0.01 to Z* = 0.07. In the subfigures,
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Tsuji and Nagano[9], the inner layer is defined as the region from the peak of the profile to the
wall. The outer layer is the region outside of this. The peaks for both lines are located between
yt =20 —30. The profile for Line_1 at Z* = 0.8 can be considered an outlier and peaks much
closer to the wall at y* ~ 10, but this is likely due to the end effects as ascending flow is gradually
arrested for example in the rectangular cavity by Barhaghi and Davidson[6], at x/L = 0.9 (close to
the domain top end) the peak is closer to y* = 10. In Tsuji and Nagono’s[9] experimental work
the peaks were located around y* = 30 — 40 for the turbulent region and around y™ = 10 — 20 for
the laminar and transitional regions.

Profiles for Line_6 are largely self-similar below Z* = 0.6. Compared to the profiles at Z* = 0.8
and 0.9 (transitional and laminar flow), the peak values are much reduced with a broader region of
occurrence. Looking at Line_1, the profiles are self-similar from Z* = 0.2 to 0.6. The y* location
of the peaks and the distribution for Line 6 is largely the same as that for Line_1. Although
not shown, it should be noted the velocity profiles do not depend on Grashof number in the

turbulent regions (away from the end effects). The peak values are much higher at the containment
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than at the rods and the developed Line_6 profile at Z* = 0.5 imposed onto Figure 16(a) clearly
demonstrates this, however the inner layer is reasonably similar. Earlier contours and global line
plots have shown remarkable differences between the flow profiles for Line_1 and Line_6, but as

seen and discussed here the near-wall behaviour is largely as expected for natural convective flows.
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Figure 16: Non-dimensional near-wall profiles for w'. Data is extracted from Case-1. In subfigure (a), Line_6 refers
to the developed profile at Z* = 0.5 taken from Line_6. The limits of the profiles in y/y,y units is 0.5 and 0.2 for
Line_1 and Line_6, respectively.

Figure 17 shows the plot for 7" against y*. The Line_1 profiles are almost identical at Z* = 0.4
and 0.5, and have a degree of similarity along other lines as well. For Line_6, the profiles are
identical from Z* = (.7 and below. Near the wall a constant heat flux region is present and can
be represented by the profile 7™ = Pry™. For both lines, departure from the profile ( 7" = Pry™)
occurs at y© ~ 6. Looking at Figure 17, the developed profile from Line_6 at Z* = 0.5 is nearly
the same with the profiles for Line_1 at Z* = 0.4 and 0.5.

Streamwise normal stress profiles plotted against y* are presented in Figure 18. Profiles for

Line_1 show a degree of similarity from Z* = 0.2 to 0.6. Interestingly, the peaks for Line_1

also occur on the bounds of the inner layer y© = 20 — 30. In the flat vertical plate studies by
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Figure 17: Non-dimensional near-wall profiles for 7" Data is extracted from Case-1. In subfigure (a), Line_6 refers
to the developed profile at Z* = 0.5 taken from Line_6. The limits of the profiles in y/y,uq, units is 0.5 and 0.2 for
Line_1 and Line_6, respectively.

Nakao et al.[18] and Tsuji and Nagano[9], the peaks occurred past y* = 100, so well within the
outer layer. The streamwise stress profiles for the square cavity by Sebilleau et al.[7] had peaks
within the y* = 10 — 100 range. The variation was largely dependant on development distance
and the Rayleigh number. For Line_6, where the flow is descending downwards; the boundary
layer development to the fully turbulent condition is evident with reasonably self-similar profiles
between Z* = 0.6 — 0.3. The first near-wall peak for this line is around y™ = 40 but turbulence is
seen to increase again well past y™ = 100 in some profiles. The peak value increases slightly from
Z* =09 to Z* = 0.4. Below this (Z* = 0.3), the peak value reduces with increasing development
length.

In Figure 19, the turbulent heat flux for the streamwise direction is shown. As can be seen, the
peaks for both lines largely coincide with those from the velocity profiles (see Figure 16). This
is largely consistent with the flat plate observations from Tsuji and Nagano[9] and the 5:1 cavity

observations from Barhaghi and Davidson[6].
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Figure 18: Non-dimensional near-wall profiles for the streamwise velocity fluctuation ww™. Data is extracted from
Case-1. In subfigure (a), Line_6 refers to the developed profile at Z* = 0.5 taken from Line_6. The limits of the
profiles in y/yuq, units is 0.5 and 0.2 for Line_1 and Line_6, respectively.
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Figure 19: Non-dimensional near-wall profiles for the streamwise turbulent heat flux. Data is extracted from Case-1.
In subfigure (a), Line_6 refers to the developed profile at Z* = 0.5 taken from Line_6. The limits of the profiles in
¥/Ymax units is 0.5 and 0.2 for Line_1 and Line_6, respectively.

565 Figure 20 shows the wall-normal component of the turbulence shear stress profiles 7w ™. Close
to the wall, these profiles exhibit a region of almost zero turbulence shear stress. For Line 6 (at
containment wall) this region extends up to y* ~ 15, while for Line_1 (at rods) it extends up
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to y© ~ 3 — 6. At the containment wall, this behaviour is largely expected with experimental
flat plate results from Tsuji and Nagano[25] and LES results from Nakao et al.[18] showing this
region extending to similar y* values. The LES results from Nakao et al.[18] are also particularly
interesting as they show a slightly negative turbulent shear stress levels y™ a2 8. At the rods, this
region is much shorter likely due to the effects of rod curvature. Line_6 also shows at Z* = 0.7,
within the transition region, the peak occurs at y© ~ 150. However, in the turbulent region, the
peak is much higher and occurs at y* > 500. The changes in the turbulent region are related to the

shear layer, which forms between the ascending and descending flows.
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Figure 20: Non-dimensional near-wall profiles for the wall-normal turbulent shear stress. Data is extracted from Case-
1. In subfigure (a), Line_6 refers to the developed profile at Z* = 0.5 taken from Line_6. The limits of the profiles in
¥/Ymayx units is 0.5 and 0.4 for Line_1 and Line_6, respectively. To obtain, these profiles the wall-normal component
of the turbulent shear stress 7w is computed by applying a tensor transformation along the extraction line.

3.5. Nusselt and friction factor at the containment surface

At the containment surface, the flow transitions from an initially laminar top-end to fully de-
veloped turbulence in the middle region. Correlations on this surface are given for the Nusselt

number and friction factor coefficient in Figure 21.
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There is a clear sudden increase in the Nusselt number indicating a transition to turbulence. The
point of transition based on the Rayleigh number differs between the two heating cases; Case-1
transitions at 1.5 x 10'? and Case 2 at 6 x 10°. These transition Rayleigh numbers are significantly
higher than that of natural convection over a vertical plate at Ra., = 8 X 108[9]. The Nusselt values
for the laminar and turbulent regions are well represented by the correlations in Equation 15a and

Equation 15b, respectively.

Nu, = 0.5Ral%7. (15a)

Nu_ = 0.16Ra)3;, (15b)

Assuming a flat vertical surface the exponent for the Nusselt number as a function of Ra; sz is 0.25
and 0.33 for laminar and turbulent flow, respectively[9]. The similarity of the exponents computed
in the present study to those for a flat plate indicates the physical mechanisms are quite the same.

Figure 21 presents the friction factor coefficient against the Grashof number. Correlations for

the laminar and turbulent region are given in Equation 16a and Equation 16b, respectively.

T 0.08
=1.17Gr (16a)
2 AT
an,ATH o
Ty ~0.025
— 11.2Gr (16b)
an%ATH AT

Comparing against the results from Tsuji and Nagano[9], the laminar correlation is in good agree-
ment to their given exponent of 0.0833. However, in the turbulent region their exponent was 0.084,
while that in the present study is —0.025. At the top region, the flow develops from a standing
start thus with an increase of the local Grashof number (GrZ,ATH) the friction factor also increases.

This initial development is akin to that of a flat vertical plate, which is to be expected based on
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the good comparisons against the flat plate similarity solution observed earlier. However, once the

boundary layer transitions and develops there is a deviation from the flat plate behaviour to that

so0 resembling channel flow.
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Figure 21: Nusselt number and friction factor plotted against the Rayleigh and Grashof number, respectively at the
containment wall.

3.6. Sub-channel and bulk behaviour of the flow

Within this section, the domain is split into sub-channels as done in typical engineering analy-
sis. Multiple cross-sections in the axial direction are extracted and using the sub-channels divisions
given in Figure 2, the mass flow, fluid bulk temperature and solid temperature are computed.

595 Figure 22 shows the sub-channel mass flow variation. Below Z* = 0.8, the mass flow is signif-
icantly altered; the mass flow in the interior sub-channels decreases significantly and the reverse
happens for the exterior sub-channels (7, 8 & 9). At this location, transition at the containment
surface occurs. As shown earlier in the contour plots, a strong cross-flow forms as the coolant is
entrained towards the containment wall increasing the mass flow for the sub-channels there. The

0 fluid and sub-channel average solid temperature variations are presented in Figure 23. At the top-

end where the temperature field is stratified, the gradient is significantly steeper. In the turbulent
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region, the vertical temperature gradient is much shallower and almost flat. The sub-channel fluid
temperature shows above Z* = (0.8, there is a clear separation between the exterior and interior
sub-channels. However, in the turbulent region, the separation between the exterior and interior
s0s sub-channels is non-existent. The sub-channel average solid temperatures largely follow the verti-
cal temperature gradient changes observed for the fluid and they do not show a significant variation

between the sub-channels.
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Figure 22: Variation of the sub-channel mass flow as a function of height.
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Figure 23: Sub-channel solid and fluid temperature variation with height.
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Vertical planes connecting rods of the same ranks at the azimuthal rod gap spaces are used to

compute the lateral mixing between the sub-channels at the different radii. Line_1 is an example

s10 Of such a plane. In total six such planes are extracted and then split into fifty axial sections. The
variables required are then computed normal to the plane (radial direction) of interest.

The radial mass flow is given in Figure 24. Immediately after transition at the containment
surface, there is a sudden increase in mass transfer from the interior to exterior sub-channels. This
corroborates the axial mass flow plots seen earlier.

615 Peak levels of radial mass transfer are observed across the third rank rod gaps. This is due to
their proximity to the containment surface and also the cumulative effect of the mass transfer from
the first and second rank rod gaps. At Z* = 0.5, the radial transfer to the containment has subsided
and the net lateral flow direction shifts towards the interior. Mass transfer towards the interior does

gradually increase as the flow descends, with peaks being observed at the bottom-end.
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Figure 24: Radial mass flow variation through the rod gaps. A positive value means transfer is directed towards the
containment surface. Subfigure (a) shows the location of the extraction planes.

620 Figure 25 shows the heat flow as a result of convection and turbulence mixing. As to be

expected, the heat convected largely follows the observations and trends noted for the lateral mass
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flow. On the other hand turbulent mixing peaks close to the domain mid-height and accounts for a

much smaller portion of the heat transfer.
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Figure 25: Radial advection and turbulent heat flow through the rod gaps. Subfigure 24(a) shows the location of the
extraction planes.

4. Conclusions

625 Natural circulation simulations in a turbulent enclosed rod bundle cavity of large aspect ratio
have been carried out. It has been shown the cavity can be split into three distinct vertical regions,
simply termed the top (Z* > 0.75), middle (0.15 < Z* < 0.75), and bottom (Z* < 0.15). The
axial extent of these regions is mostly dependent on the flow condition at the containment wall. A
laminar boundary layer flow regime at the containment wall coupled with turbulent boundary layer

30 flow at the rod walls defines the top region. In the core of this region, the temperature is heavily
stratified. Laminar correlations for Nusselt number and friction factor at the containment wall are
similar to those for natural convection on a flat vertical surface with dependences of O-SR"%STH and

1.17Gr?’2%1. This indicates laminar flow and thermal development at this surface is not dissimilar

from an isolated vertical surface. Comparisons with the natural convection flat plate similarity
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solution by Ostrach[21] further confirmed this.

The middle region encompasses most of the domain, and the flow here is particularly complex
and dominated by turbulence effects. Flow at the containment, transitions to turbulence thereby
instigating entrainment from the interior sub-channels (at transition location), which is then fol-
lowed by strong mixing. In this region, the resulting vertical temperature distribution is uniform.
The middle region was further split into two parts; the outer region which is between the second
rank rods and containment wall and a central region which is between the adiabatic central rod and
heating second rank rod. The outer region, is akin to a heating and cooling “channel”, with a strong
shear layer as the opposing upward interior flow and large scale downward flow at the containment
interact. This can be linked to the highly turbulent Betts and Bokhari[4] case study. Heated down-
ward flow is shown to exist at the third rank rod surfaces, which are closest to the containment
wall. The central region is typical of a heated upward flow but with strong interference from the
outer region leading to mixed/forced convection like profiles across the gaps. Observations have
shown the chimney effect occurs to some extent in this “channel”. Although flow profiles show
a stark difference between the outer and central regions, their near-wall behaviour has the typical
characteristics of natural convective flows. Turbulent correlations for Nusselt number over the
containment wall have a Rayleigh number dependency of 0. 16Rag‘§?}H, which is similar to that for
a vertical plate. However, for the friction factor, the correlation has a Grashof number dependency
of 1 1.2Gr; 2%5, and hence has an exponent that is very different from that for a flat plate (at 0.084)
from the Tsuji and Nagano case study[9].

The bottom region is characterised by a downward flow impinging onto the floor at the contain-
ment wall. Boundary layer development occurs at the rod surfaces as the flow begins its upward
ascent. The comparison of the velocity from simulations against the slender cylinder similarity

laminar solution shows transition occurs much faster here than on the containment wall.

47



Acknowledgements

660 This work is supported through a studentship provided by EDF energy and has been performed
using resources provided by the Cambridge Tier-2 system funded by EPSRC Tier-2 capital grant

EP/P020259/1.

48



Appendix

0 OOGOI — Case-1 =-« Case-2
;,
0.0045- E
o
= o
- 0.0030¢ [ ]

0.0015- J
00000502 04 06 08 1.0
Zmaz_Z
Zmam

Figure A1: Profiles of the wall time step along the containment wall generated for case-1 and case-2. The 0 location
is the top of the containment wall.
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Figure A2: Contours of the LES_IQ parameter at varying heights and taken from the highest heating case. The
scalebar is reset at each axial location to maximise the variation. LES is considered to be good if the values obtained
are LES_IQ > 0.8.
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