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Natural circulation in a short-enclosed rod bundle
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“Heat, Flow and Turbulence Research Group, Department of Mechanical Engineering, The University of Sheffield,
S13JD, UK
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Abstract

Large Eddy Simulation (LES) is used to study natural circulation flow in a sealed rod bundle
with a Rayleigh number (based on height) of approximately 10! and a fluid Prandtl number of
0.74. Natural convection boundary layer development is observed on both the heating rods and
cooling containment surfaces. The development of the boundary layers is key to the flow and
heat transfer characteristics of the system. As the flow descends on the containment surface, the
boundary layer gradually develops and transitions from laminar to turbulent flow, with transition
occurring close to the bottom-end. Laminar flow at the containment is well represented by a flat
plate similarity solution for buoyant flow and the Nusselt number correlation is akin to that for
a flat isolated vertical surface. This indicates the boundary layer development on this surface
is similar to an isolated vertical surface. On the rods boundary layer development occurs much
earlier and is affected by turbulence convected from the containment surface. Laminar flow here
compares well against a slender cylinder similarity solution. In the developed region, the Nusselt
number correlation has a Rayleigh number dependency similar to that for a rectangular cavity.

Keywords: Natural circulation, LES, Rod bundle, Heat transfer

1. Introduction passive safety systems, irradiated fuel storage
L . ponds and storage casks. Such systems com-
Natural convection is prevalent in a large

. . rise of components with complicated geo-
number of industrial systems. Examples P P P £

. ) . ) metric configurations. One, for example, can
within the nuclear industry include integrated & P

imagine rod bundle arrays within the fuel bun-
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dle or the multiple serpentine tube rows in a
boiler unit.

Natural convective flow has been the subject
of intensive research in the past. However, this
has been mostly limited to simple geometries
such as rectangular or annular cavities. For
more complex configurations, there is a dis-
tinct lack of literature. Studies presented in the
forthcoming literature review mostly pertain to
simple cavities, but the flows are nonetheless
complex and of relevance to the present study.

Elder[1, 2] was among the first investiga-
tors to report experimental results for laminar
and turbulent natural convection in a vertical-
cavity at multiple aspect ratios. Up to Ra; =
107, the growth and formation of “travelling-
like-waves” fronts on both the hot and cold
surfaces were observed. Increasing Ray fur-
ther leads to these waves growing, forming
“hook” like structures and becoming increas-
ingly unstable. This eventually leads to tur-
bulent transition as the “hook” like structures
break off, instigating strong and violent mix-
ing between the core and boundary layer.
Elder[2] further states boundary layer devel-
opment on the surfaces is akin to that for flat
vertical plates. Macgregor and Emery[3] noted
several flow regimes from their numerical and

experimental data. The conduction regime at

Ra; < 103, which was characterised by a lin-
ear temperature profile across the cavity. In
the next regime “asymptotic flow” at 10° <
Ra; < 10*, both conduction and convection
contribute to heat transfer. This regime would
then transition to a “laminar boundary layer
flow” regime at 10* < Raz, < 10°. Where con-
vection dominates with the flow constrained to
the wall layers. The core is quiescent and has
a uniform temperature. At Rayleigh numbers
between 10° < Ra; < 107 the flow is consid-
ered transitional. After Ra; = 107 the flow
would then transition to the turbulent bound-

ary layer flow regime.

Nomenclature

Greek letters
o thermal diffusivity, A /pCp [mz /5]

B thermal
1/(T +273.15)[1/°C]

expansion coefficient,

AT  Horizontal temperature difference

(unless stated otherwise)
ATy Vertical temperature difference
0;j Kronecker delta

A thermal conductivity, [W/m°C]




u

p

molecular viscosity,[Pa s]

density, [kg/m?]
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aspect ratio, H/L

Fanning friction factor,
Tw/p (W?/2)

specific heat capacity, [J/kg°C]
Grashof number,
4B (T, —T)L3/(+?)

Grashof number, gBq"L*/(v?1)
Height,[m]

Nusselt number, hL /A

Prandtl number, uCp/A

Rayleigh number, GrPr

diameter, [m|

gravity, [m/ s2]

heat transfer coefficient,

W/ (m°c)]
turbulent kinetic energy, [mz / sz]
length scale, [m]
pitch-to-diameter ratio

heat flux,[W /m?]

radius, [m]

r radial distance,[m]

T temperature,[°C]

t time, [s]

T non-dimensional temperature
u,v,w velocity components,[m/s]

% reference velocity,[m/s]

v kinematic viscosity,u/p [m?/s]
x,y,z spatial distances, [m]

z* non-dimensional height
Subscripts

c cold surface

crs  cross flow

h hot surface

i, j,k directional terms

max maximum velocity

num —dif f numerical diffusion

sgs  subgrid scale

w wall

Turbulent natural convection in a tall cav-
ity of aspect ratio (A) 28.6 was investigated by
Betts and Bokhari[4]. Temperature differen-
tials of 19.6°C and 39.69°C were considered
giving Rayleigh numbers (Ray ) of 0.86 x 10°



and 1.43 x 10%, respectively. Mean and tur-
bulent quantities were measured in the experi-
ment to provide validation data for turbulence
models.

The hot and cold boundary layer flows in-
teracted with each other leading to a turbulent
core with peak velocity fluctuations occurring
here. At half-height, there was a linear veloc-
ity and temperature gradient across the core.
This is in contrast to results from the smaller
aspect ratio cavities, where the core has a uni-
form temperature and is stagnant[2, 3].

Lewandowski et al.[5] experimentally in-
vestigated natural convection in a symmetri-
cally heated vertical channel. Multiple aspect
ratios ranging from 2.8 to 11 were investi-
gated. It was shown that the gap spacing had
a significant influence on the flow and heat
transfer. In the study air was the working fluid
with a given Prandtl number of 0.71 and a peak
Rayleigh number (Rag) of 10°.

Laminar natural convection in a rectangular
cavity was numerically and analytically inves-
tigated by Kimura and Bejan[6]. The aspect
ratios considered ranged from 1 to 3. Their
results showed the boundary layer thickness
was constant in the laminar boundary layer
regime. Linear stratification and a motionless

core were predicted at Gr; = 5 x 10 and A =

The physical mechanisms for the tempo-
ral and spatial onset of transition in rectangu-
lar cavities were investigated using DNS sim-
ulations by Paolucci and Chenoweth[7]. At
the critical Rayleigh number, turbulence tran-
sition was a result of instabilities in the verti-
cal boundary layer. However at aspect ratios
0.5 < A < 3, internal waves near the departing
corners lead to transition. Departing corners
were defined as where the flow is ejected to
the interior cavity from the side wall boundary
layers. At significant Rayleigh numbers (much
larger than the critical value), then both transi-
tion instabilities can be present.

Nakao et al.[8] numerically investigated
natural convection boundary layer develop-
ment on a heated vertical wall. In their study,
the LES method with a modified Smagorinsky
model was used. Numerical results obtained
compared well with experimental data for the
laminar and turbulent regions. The onset and
duration of the transition regime were found
to vary with the streamwise grid resolution to
some extent. Profiles for the Reynolds stresses
were shown to peak on the outer layer.

Versteegh and Nieuwstadt[9] used DNS to
simulate natural convection in an infinite dif-

ferentially heated rectangular vertical channel.



Temperature and velocity profiles showed they
could be split into two regions; one (near the
wall) where the viscous effects are dominant
and the second region in-between the velocity
maxima and core where the turbulence effects
dominate. Turbulence budgets showed, trans-
port due to advection was of importance only
near the velocity maximum. In the near-wall
region, it was shown the turbulent shear stress
at higher Rayleigh numbers tended to become
negative. Paolucci[10] simulated a rectangular
cavity using DNS and also showed that near
the wall the turbulent shear stress was nega-
tive.

Goodrich and Marcum[11] experimentally
studied the effect of the radius of curvature on
flow transition and heat transfer. Five cylindri-
cal heating rods with diameters ranging from
0.0064 m to 0.025 m were considered by the
authors. Results showed that at large values
of Rap the influence of curvature was nearly
negligible with the heat transfer being approx-
imated by flat plate correlations.

Keyhani et al.[12] conducted experimental
investigations for laminar and turbulent natural
convection in square rod bundle arrays. Two-
rod bundle arrangements for a 5 x 5 and 3 x
3 array, with given pitch-to-diameter (p/d) ra-

tios of 2.25 and 3.08, respectively were inves-

tigated. A flow visualisation study was car-
ried out for the 3 x 3 bundle study. Boundary
layer flow was observed on the rod surfaces.
The sub-channel centres were largely stagnant
and regions of low magnitude downward flow.
Nusselt number correlations for air and helium
were obtained for the separate rod bundle con-
figurations. For the 5 x 5 bundle their Nus-
selt number correlation in the boundary layer
flow regime was 0.095Ra%>?3 for helium. The
correlations for the 3 x 3 rod bundle were
0.072Ra%*? in helium/air and 0.151Ra%?™ in
water. The Rayleigh number was defined us-
ing the outer cylinder diameter with Rayleigh
number limits of 2.6 x 10° < Rap < 1.06 x 10°
and 1.2 x 10° < Rap < 4.5 x 107 for the 5
x 5 and 3 x 3 rod bundle Nusselt correla-
tions, respectively. However, the paper has lit-
tle to no discussion on the flow or turbulence
analysis. In a subsequent paper, Keyhani and
Dalton[13] experimentally study natural con-
vection in a horizontally oriented rod bundle.
From this study and others[14, 15], it is shown
that the flow in horizontal rods significantly
differs from that of vertically oriented arrays.
Arshad et al.[16] experimentally investi-
gated turbulent natural convection in water for
an isolated vertical thin rod and a 3 x 3 ar-

ray consisting of such rods. High Rayleigh



numbers were considered and the derived cor-
relation was 0.325Ra%?* for the central rod.
This correlation is valid between 1.28 x 10!2 <
Ray < 1.18 x 10'3. Khalifa and Hussein[17]
similarly investigate natural convection in a 3
x 3 array but with heating only applied to three
of the rods. The correlation for the inner most
rod was O.O()49Ra1(21'3485 . Similar to Keyhani et
al.[12], these papers[16, 17] focused on heat
transfer and provided no information on the
flow and turbulence.

A numerical investigation for laminar nat-
ural convection in a sub-channel of a seven-
rod bundle array was carried out by Rao
and Glakpe[18] for Rayleigh numbers ranging
from 10% to 108. Predictions at low Rayleigh
numbers showed the flow was in the pseudo-
conduction regime and had no bearing on the
temperature distribution. At higher Rayleigh
numbers thermal stratification was the result of
strong boundary layer flow.

The brief literature review above shows a
lack of literature on natural convection in en-
closed rod bundles at high Rayleigh numbers
detailing flow, thermal development and tur-
bulence structures. This paper aims to add to
this body of knowledge by conducting Large
Eddy Simulations of natural circulation flow

in a sealed rod bundle. The geometry inves-

tigated herein is of relatively low aspect ratio,
with a value based on the height and the largest
distance between the heating rods to contain-
ment wall of 3.5. A parallel study has been
conducted for a large aspect ratio cavity with a
corresponding value of 14[19]. The flow there
is dominated by strong circulation and turbu-
lence, whereas herein the flow is characterised
by stagnation in the core and a laminar bound-
ary layer development followed by transition
at the walls.

Section 2 describes the numerical setup,
governing equations and the problem setup.
Results for the solved variables, energy spec-
trum, turbulence structures, statistics, heat
transfer and friction factor correlations are pre-
sented in Section 3. Finally, the concluding re-

marks are presented in Section 4.

2. Computational Methodology

2.1. Governing Equations

LES simulations are carried out using the
CFD solver Code_Saturne. The solver is an
open-source, finite volume and single-phase
code developed by EDF[20]. In LES, the fil-
tered incompressible Navier-Stokes equations,

presented below, are numerically solved for:



Continuity:
op  dpu; _
o ox, =0 W
Momentum:
opwi 9 . __. 9P
or Fag P =g ee
u (2, 9T 9P,
‘uaxj' 8xj 8x,- 8xj
Energy:
oT 87,7 _u 0°T 8PHsgs,i
p (E—i— 8x,~ ) N ﬁaxix,- - 8xl~ (3)

The equations presented above (1 to 3) are spa-
tially filtered. Filtering the momentum equa-
tion leaves it open and the term ‘L'l-rj, which rep-
resents the residual stress needs to be mod-
elled. This can be done using the eddy vis-

cosity assumption as shown in Equation 4.

— 1
Tirj = _2ngsSij + ngkSij 4)

Where S_,j is defined as % (% + g—?) In the
J i

energy equation, the term II is computed us-
ing the subgrid viscosity and turbulent Prandtl

number:

Vsgs OT

Moo — 8877
BT Pr, oy

)

The open terms are treated as follows;

%Tkk(si ; 1s treated by defining a modified pres-
sure (i.e. P* =P+ %‘L’kk&- 7), while the turbulent
Prandtl number (Pr;) is defined as a fixed con-
stant.

In the present simulations, the subgrid vis-
cosity is computed using the Wall Adapting
Local Eddy viscosity (WALE) subgrid model
by Nicoud and Ducros[21] and is defined as:

—\ 3/
(575)
Voge = (Con-4) o \5/2 d od /
(SijSif) ™"+ <SijSij)
(6)
where ﬁ 18 defined as

ij
N2 —\2 N2

1 u; Ju; 15 (9

() ()) () o

is the grid size, which is computed as

(Ax-Ay-Az)'/3. Finally, Cy is a model

constant and in Code_Saturne is taken to be

0.25.

2.2. Geometry

The heating rods are arranged in a similar
pattern to that found in an Advanced Gas Re-
actor (AGR) fuel bundle. Figure 1 gives an
illustration of the rod arrangement. The height
of the modelled rod bundle is however short-
ened to a quarter giving a height of 0.25 m.
The rod and containment diameters are 0.0153
m and 0.1923 m, respectively. The central rod

termed the “guide tube” is a non-heating sur-



face. Heating is applied at the three concentric
ranks of fuel rods. Their radial locations are
defined as 0.025 m, 0.051 m and 0.079 m giv-
ing an approximate p/d ratio of 1.8.

At this stage, it is worth defining the aspect
ratios of the modelled domain. Typically in
cavities, the characteristic length is defined as
the distance between the hot and cold surfaces.
In this geometry, as there are three concentric
ranks of heated rods, thus three aspect ratios
can be defined. With aspect ratio defined as
H/L where H is the height and L is the radial
distance between the centroid of the heated rod
and containment wall, the computed values are
3.5, 5.5, 14.3 going from the first to the third-

rank.

2.3. Properties, boundary conditions and nu-

merical setup

The coolant is carbon dioxide at a pressure
of 3 MPa. Density variation as a function
of temperature is modelled with a lookup ta-
ble using data obtained from the National In-
stitute of Standards and Technology (NIST)
database[22]. All the remaining physical prop-
erties are fixed constants and the values used
are given in Table 1.

The fuel rod surfaces are considered

smooth, with a constant heat flux applied. Two

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 -

heat fluxes of 289 W/m? and 1154 W/m? are
considered in this study. At the containment
surface, a convective boundary condition is ap-
plied, with a sink temperature of 110 °C and
a heat transfer coefficient of 700 W/m?°C.
The azimuthal surfaces (edge surfaces for a
60°C sector) are assigned rotational period-
icity boundary conditions. All the surfaces
are considered no-slip. The central rod (guide

tube), top and bottom walls are considered adi-

abatic.

Table 2: Case definition

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

The second-order accurate Second Order
Linear Upwind (SOLU) scheme is used for
spatial discretisation, while temporal discreti-
sation uses the second-order Crank-Nicholson

scheme.



The LES simulations are initialised from a
converged URANS (Unsteady Reynolds Av-
eraged Navier-Stokes) solution. Initialising
from URANS results ensures a much faster
convergence. Statistical averaging of the LES
computation is carried out after the mean vari-
ables (taken from probes located at the rod
gaps) have converged. Typically, statistical av-
eraging is carried out for over a 100 s simu-
lated time. The simulation is judged to have
converged once the time variations of the mean

profiles (velocity, temperature and turbulent

kinetic energy) are small.

2.4. Non-dimensional parameters and Mesh

quality statistics

Non-dimensional parameters are presented
for the cases in Table 3. The Rayleigh number
is computed using both the temperature and
heat flux definitions. The definitions used for

the Rayleigh number are given in Equation 7:

ATy L3
Raap, = gﬁT (7a)
”lﬂ
Ra,r = gli% (7b)

Since the width of the rod bundle cavity can
be considered dependent on the rod ranks; two

values are given for the first rank (Ra;_;) and

third rank (Ra;_3) rods as they represent the
upper and lower limit, respectively. Addition-
ally, it is also possible to define the Rayleigh

number based on the height of the domain.

Table 3: Rayleigh numbers for the heating cases consid-
ered using different length scales.

Parameter Case-1 Case-2

Ragar,  1.9x 10T 1.1x 10"
Ra; ja, 43x10°  2.4x10°
Ra; 3a,  6.4x107  3.6x107
Ray 6.8x 1012 3.3 x10'?
Raj_j,  45%x10'° 22x10'"
Ra; 3, 16x10%8 7.9x10’

A fully structured mesh consisting of 25
million elements, shown in Figure 1, is used.
The first near-wall adjacent nodes have a y™
value range of 0.0053 < y™ < 0.33, with grid
spacing values of Ax* =30.0 and Az" =36 in
the span-wise and stream-wise directions, re-
spectively. These values are calculated for the
highest heating case at mid-height.

The mesh aspect ratio values are highest in
the boundary layer (occurring at the first cell
layer with an overall peak value of 36). Away
from the walls, the aspect ratio decreases, and
is between 1 to 1.8 for the the majority of
the cells in the core. For the constricted cells
across the second rank rod, the majority of the

cells are below 6. Higher aspect ratios typi-



cally occur close to the walls due to the wall-
normal grid requirements. However, the flow
is aligned with the cells thus the impact on ac-

curacy or convergence is limited.

Containment

(c) Full cross-sectional figure

Fig. 1: Cross-sectional resolution of the mesh used in
the LES computations.

A fixed time step of 0.0002 s is maintained
for the highest heating case, while for the

lower heating case the time step is doubled to

10

0.0004 s. The Courant number predominantly
ranges from nearly O (stagnant sub-channel
core) to 0.5. It should be noted that for the
highest heating case there is a peak transient
fluctuation albeit very brief where the maxi-
mum Courant number is approximately 1 be-
fore suddenly reducing. However, this does

occur in only several cells <<< 1%.

To assess the time step in terms of flow
physics the viscous time scale around the con-

tainment surface is defined as:

At

8)

The computed wall time step based on the LES
simulation data is shown in Figure Al. The
lowest time step is approximately 7.5 x 1074,
This demonstrates the time step used is very
conservative and is limited only by the numer-

ical stability.

To assess the convergence of the simula-
tion profiles were plotted at varying intervals.
Figure 2 shows the time convergence of the
highest heating case (Case-1) extracted across
Line_1 and Line_5 (see Figure 3 for extraction
locations). The profiles plotted over a 30 s du-
ration and reveal there is little variation indi-
cating a well-converged result. To determine

the quality of the mesh used for the LES simu-
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Fig. 2: Profiles of a time convergence study for turbulent kinetic energy variation taken along Line_1 and Line_5 (see
Figure 3 for extraction locations). The reference velocity v,y ; is the peak axial velocity extracted at profile height.

lation, the quality parameter, LES_1Q,, by Ce-
lik et al.[23] is used. The quality parameter
(LES_IQ,) is defined as shown in Equation 9.

I
LES_IQ, = : 9)
L 14005 (5)"

S* is computed as shown in Equation 10.
Where it has been taken the subgrid scale

diffusion is equal to the numerical diffusion

(.usgs ~ .unum—diff) .

§* — Usgs + Unum-diff (1 0)

Usgs + Unum-diff T U
The meshes used for the LES computations are
considered to be good if this value is above

80%. Computing this parameter gives min-
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imum values of 0.92 and 0.94 LES_1Q, for
case-1 and case-2, respectively. These val-
ues indicate the LES simulations are of overall
good quality. Contour plots of LES_1Q, are

shown in Figure A2.

3. Results

3.1. A qualitative overview of the general flow

behaviour

Qualitative data presented in this section
is predominantly obtained from the highest
heating case (Case-1) unless stated otherwise.
To aid in the identification of data extraction
points Figure 3 is included.

Vertical contour plots are presented in Fig-

ure 4 for Case-1 and are taken at 6 = 30°.



*0 = 60.0°

Fig. 3: Schematic showing the sub-channel divisions
(denoted by Sub_* ). Also included are the lines used to
extract the profiles, with the start (y/ymqx = 0) and end
point (y/ymax = 1) given by the direction of the arrow.

Where applicable, the velocity scales are nor-
malised using the buoyant velocity Vg,
which is defined as (gBATv)l/ 3. Cross slices
taken at varying axial locations are shown in
Figures 5 to 6. Variables in the cross slices are
normalised using the local quantities at the ex-

tracted location.

It can be seen from Figure 4 that the flow
is largely constrained to the boundary layers.
Significant upward and downward flow occurs
near the rod and containment surfaces, respec-
tively. However, the core is nearly stagnant
with some hints of low magnitude downward
flow. Keyhani et al.[12] made similar observa-
tions in his experimental work. At the contain-

ment wall, boundary layer development can

6 = 0.0°
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be seen starting from an initially stagnant top-
end. The boundary layer thickness grows as
the flow descends. Cross-flows are shown to
be significant at the ends of the domain (Figure
5) with the bottom-end showing greater vector
magnitudes. Based on the cross-flow magni-
tudes and the large observed regions of stag-
nant flow there appears to be no-interaction be-
tween neighbouring rods (except near the do-
main ends). Thus it can be further stated; away
from the domain ends the rods essentially be-
have as if they are isolated. The flow regime
qualitatively evidenced thus far is akin to a
boundary layer flow regime.

Peak turbulence levels occur at the con-
tainment surface near the bottom-end of the
domain see Figures 4(c) and 6(a). For the
fuel pins, it is apparent turbulent kinetic en-
ergy peaks near the wall, which is synony-
mous with shear flows. For the containment
surface, there is no turbulence at the top of
the domain but high levels at the bottom end.
Coupled with the observed axial velocity con-
tours, it is evident there is a natural convection
boundary layer forming on this surface, which
is initially laminar but transition to a turbulent
state occurs near the bottom-end. This will

be discussed further later. Development to a

fully turbulent core as observed for example
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(a) Normalised temperature

(b) Normalised velocity
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(c) Normalised turbulence kinetic en-
ergy

Fig. 4: Contours of temperature, velocity and turbulent kinetic energy taken from Case-1. Slices are taken at 6 = 30°.
Velocity and turbulent kinetic energy are normalised using the buoyant velocity (V,, a7, ). The black contour line (only

shown for velocity) is specified at W/Viax ; = 0.0.

in Elder’s[2] or Betts and Bokhari’s[4] work is
impeded by the short nature of the modelled

domain.

Enhanced turbulence levels can be observed
on the rods away from the top and bottom-
ends. Unlike the containment wall, there is a
rapid development to a turbulent state. It is
worth noting, the turbulence peaks are again
located near the walls. Figure 4(c) shows

at approximately mid-height, the core region

has slightly elevated turbulence levels. Cross

13

slices for velocity have shown the boundary
layers are thicker at mid-height (Figure 5(b)).
Turbulent kinetic energy (Figure 6(c) at the
rod gaps (easily seen for first rank rods) is en-
hanced compared to the levels observed at the
sub-channel cores. Noting that Figure 4(c) is
taken from a plane at & = 30°, it is clear the
local enhanced core regions (away from the
heated surfaces and transition region) are a re-
sult of the surrounding rods at either side of

the plane.



Vs = 0.0274 m/s Vs = 0.0033 m/s

W/ Vrnax, z WI Vmax, z
-0.499 0.17 0.17 0.499 -0.5 -0.17 0.17 0.5
e o - oo
(a) Z* =0.04 (b) Z* =0.25
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() Z*=0.5 (d)Z* =0.96

Fig. 5: Contours of the axial velocity extracted from Case-1 and taken at varying heights. The black contour line is
specified at W/Viax ; = 0.0. Where Vinax . is the peak axial velocity of the slice. The cross-flow vector peak ( Vi) is
given in each sub-figure and the value is dimensional.
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- " o e |
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Fig. 6: Contours of turbulent kinetic energy extracted from Case-1 and taken at varying heights. The scalebar is reset
at each axial location to maximise the variation. The contours are normalised using the peak velocity of the slice.
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Vertical temperature plots (Figure 4 (a))
clearly show a stratified core. The core is
shown to be a region of uniform temperature
with horizontal temperature variation occur-
ring close to the walls (across the thin bound-
ary layers).

Iso-surfaces computed using Q-criterion
and then coloured with the instantaneous
streamwise vorticity are shown in Figure 7.
The streamwise vorticity is coloured at =+ 30.
As can be seen, there is intense activity along
the rod walls with the structures disappearing
close to the top surface. The most intense
activity is noted near the bottom containment
wall. Figure 7(b) initially shows a spanwise
vortex rollup along the containment surface.
Descending further downwards it is followed
by numerous pairs of counter-rotating coher-

ent structures. In the core no structures are ev-

ident.

3.2. Quantitative analysis

Figure 8 shows plots for the axial veloc-
ity extracted across different lines and heights
for the cases under consideration. In each
of the sub-plots, black-thin lines are superim-
posed and represent the profile computed at

mid-height. To aid in showing flow develop-

ment, velocity profiles are normalised using a
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e ;
'

(b) Oblique view

Fig. 7: Iso-surfaces coloured by the streamwise vortic-
ity. Data is taken from the Case-1.

constant buoyant velocity. Additional profiles
close to the bottom and top wall are presented
in Figures 9 and 10, respectively.

Profiles in Figure 8 clearly show a, nearly,
stagnant core at all data extraction points.

Flow is constrained to the near-wall regions.
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Fig. 8: Axial velocity profiles plotted at different axial locations. To show flow development the profiles are nor-
malised using the buoyancy velocity (Vn’ATv = (gBATyV) 1/ 3) . The superimposed black-thin lines are for the profiles

taken at mid-height Z* = 0.5 for the cavity. Line styles for the mid-height profiles are follow those given for the case.
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Fig. 9: Axial velocity profiles plotted near the bottom wall. At heights inetween Z* = 0.0 to 0.08. To show flow
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Fig. 10: Axial velocity profiles plotted near top wall taken at a height Z* = 0.92 to 1.0. To show flow development,

the profiles are normalised using the buoyany velocity (VmATv = (gBATy v)l/ 3). The superimposed black-thin lines

are for the profiles taken at mid-height for the cavity. Line styles for the mid-height profiles follow that given for the
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Sub-figures 8 (a, b & c) are taken across
the rod gaps and their behaviours are simi-
lar. Consider Case 1 along Line_1 for exam-
ple (Figures 9(a) and 10(a)). The flow bound-
ary layer is formed on the rod surface at the
bottom of the domain, which grows in terms
of both the boundary layer thickness and the
peak velocity with the height until around Z*
= (0.2. The peak then reduces and the bound-
ary layer thickness broadens. Later we will
see that the flow is laminar initially and tran-
sition occurs around Z* ~ 0.1. Largely, be-

tween Z* ~ 0.3 or 0.4 and 0.7, the profiles at
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the gaps are effectively identical and retain
the peak velocity. Past Z* = 0.7, the flow
starts to decelerate as the end effects of the
confined domain gradually increase in influ-
ence. Close inspection reveals Line_1, Line_3,
and Line 4 show different flow development
lengths. These lines are extracted across the
rod gaps and are at varying proximity to the
containment wall. Line_1 extracted for the first
rank rods starts to retain the mid-height ve-
locity profile at Z* = 0.4 and shows signs of
departure (profiles start changing in compari-

son to mid-height profile) at Z* ~ 0.7. Sim-



ilarly, Line_3 and Line 4 depart at Z* = 0.7,
but fully develop earlier at Z* = 0.3. Interest-
ingly, at Z* = 0.1 and below, Line 4 has a net
upward flow through the rod gap. At this loca-
tion, the flow behaves almost like a heated ver-
tical pipe. Line_1 and Line_3, largely exhibit
a typical buoyancy driven boundary layer de-
velopment. While the initial development for
Line_4 is almost akin to forced/mixed convec-
tion flow (see Figure9 (c)) before transition-
ing to the more typical buoyancy driven flow
past Z* = 0.1. Differences in the flow devel-
opment can be attributed to the spread of tur-
bulence after the containment surface transi-
tions. As seen in Figure 4(b&c) strong tur-
bulence generation occurs here along with a
strong entrainment and ejection of the flow be-
tween the containment wall and interior sub-
Turbulence transition on the con-

The rod

channels.
tainment is further discussed later.
gap profiles after a development interval, fully
develop and stop evolving until the flow ap-
proaches the top-end (Z*~0.7). This be-
haviour is worth discussing: Assuming an iso-
lated vertical plate with a constant heat flux
applied at the heating wall, it is expected the
boundary layer would grow with vertical dis-

tance. The far field temperature is fixed to that

of the quiescent region and this would be in-
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variant with height. While, the wall temper-
ature increases with height, consequently so
does the buoyancy force. However, in the cur-
rent geometry the flow is constrained. The far
field temperature is associated with that of the
sub-channel cores and as demonstrated in Fig-
ure 4(a) varies with height. The retention of
the profiles once the flow is developed strongly
indicates the temperature difference between
the wall and core is largely maintained. This
implies, within this developed region the ver-
tical temperature gradient of the wall and core
are largely the same.

The flow development along the contain-
ment shows a similar trend as well, but the
flow is from top to bottom as fluid is cooled
here. Also, significantly different is that there
is no overshoot of the velocity profile devel-
opment. The boundary layer develops be-
tween Z* = 1 down to around Z* = 0.6, after
which the profile remains largely unchanged
until Z* = 0.3. From here the velocity reduces
as the flow goes toward the bottom wall. It will
be shown later, turbulence transition occurs a
lot later on this wall at around Z* = 0.3. Com-
paring, the different cases it can be noted typ-
ically at most locations, Case-1 has the peak
velocity.

Temperature profiles are presented in Figure



11 between Z* = 0.1 and Z* = 0.9. Profiles
close to the top and bottom ends are presented
in Figure 12. To normalise, the peak wall tem-
perature 7}, ; and minimum temperature 7 ; of
the profile are used. The rod gap profiles be-
tween Z* = 0.1 upto Z* = 0.9 largely do not
show significant variation. For, Line_1 simi-
larity is reached at Z* = 0.2 and maintained
until Z* = 0.7. In comparison, for velocity
development is reached at Z* ~ 0.33. It is
interesting to note, temperature reaches sim-
ilarity much sooner than velocity does for the
rod gaps and the thermal boundary layer thick-
ness is largely maintained. However, near the
containment surface, the temperature develop-
ment closely mirrors the observations made
for velocity. Using Line_5 as an example, tem-
perature profiles develop (from top to bottom)
reaching similarity at Z* = 0.6 with the pro-
files remaining unchanged until Z* = 0.33.
Temperature profiles at the top and bottom
ends are given in Figure 12. At the contain-
ment surface, the temperature differential is
largest at the top-end as the hot gas begins its
descent. Looking at Figure 12(b) the temper-
ature gradient at the containment surface de-
creases as distance increases from the top sur-

face.

At the bottom-end for the rod gaps, the
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relative temperature differential is typically
steeper than at mid-height. Cold gas arriv-
ing from the containment wall approaches the
heated rods and ascends, which would explain
the steeper gradient. Temperature inversion
occurs at the top-end of the domain between
Z* =09 to Z* =0.99. As height increases,
the inversion progressively worsens. Right at
the top wall Z* = 1.0 a parabolic temperature
profile is observed. As seen from Figure 10,
here the axial velocity has stagnated even at
the boundary layers and this would help ex-
plain the drastic shift from the temperature in-
version profile.

Turbulent kinetic energy is shown in Fig-
ure 13. Normalization is carried out using the
peak velocity of the profile. Figure 14 shows
the profiles close to the bottom-end of the do-
main. These profiles in Figure 14 are nor-
malised using the buoyant velocity. It is nec-
essary to use the buoyant velocity as close to
the domain ends, the computed peak velocity
is nearly zero.

Turbulence peaks largely occur near the
wall as expected. At the top, the flow tends
to laminarize with no turbulent kinetic energy
levels at Z* = 1.0 (profiles are not shown).

This is largely due to the flow stagnating at this

region. On the containment wall (Line_5), tur-
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bulence remains very low and the flow is lami-
nar until down to around Z* = 0.2, where tran-
sition apparently occurs. Below turbulence ap-
pears to spread broadly away from the contain-
ment wall and into the inner sub-channels.

Figures 4(b&c), 5(a) and 6(a) paint a picture
on how the resulting jet flow convects turbu-
lence towards the interior. Due to the cross-
flow, the jet would also generate shear turbu-
lence on the rod surface. As the jet flow trans-
verses into the interior it weakens reducing
the spread of turbulence. Line 4 (third rank
rods) at Z* = 0.1 has uniform turbulence dis-
tribution across the core. This distribution is
a result of convected turbulence increasing the
free stream turbulence.

Ascending with height, the turbulent kinetic
energy profile immediately transitions to a typ-
ical shear profile. Lines_1 (rod rank one) and
Line 3 (rod rank two), give a further indi-
cation of the declining influence of the jet.
With increasing distance from the containment
wall, turbulence levels in the core reduce along
with the peaks becoming more biased towards
the rod surface. Development profiles below
Z* =0.1 clearly evidence this (Figure 14). The
transition locations appear different, this has
also been evidenced in the velocity profiles.

Line_1, which is furthest away from the con-
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tainment transitions at Z* ~ 0.33, while Line_3
transitions earlier at Z* ~ 0.2. Line_4 initially
transitions much earlier and remains relatively
unchanged between Z* = 0.03 and Z* = 0.08.
However, at Z* ~ 0.2 there is another transi-
tion to the characteristic turbulence distribu-
tion observed at the other rod gap locations

further away from the containment wall.

3.3. Laminar boundary layer

3.3.1. Containment wall

Previously explored qualitative data has
suggested the containment surface is laminar
at the top and the components (rods and con-
tainment) behave as if they are isolated. Based
on this, it is therefore worth considering for
the large diameter containment; how well the
LES data compares against a similarity solu-
tion for laminar natural convection flow on a
vertical flat surface. The similarity solution
by Ostrach[24] is used. Momentum and en-
ergy are transformed through the introduction
of the similarity variable 1 and stream func-

tion ¥ shown in Equation 11.

1/4
n :% (Grzﬂ) (11a)

(11b)

The resulting transformed equations are
given in Equation 12 for both momentum and

energy:

F" +3FF" —2F?+T*=0 (12a)

T L 3PtFT* =0 (12b)

where 7" is the dimensionless temperature,
which is defined as T — To./T,, — Teo. The set
of coupled higher order differential equations
are reduced into a set of first order differen-
tial equations. A full description of the method
used to solve the system of equations is given
in the large aspect ratio paper[19]. Results
for the similarity solution comparison are pre-
sented in Figure 15. As can be seen, even
though the containment surface is cylindrical
and within a confined domain, there are very
good comparisons at the upper sections, where

the flow is laminar as earlier suggested.

Ostrach’s similarity solution for laminar
flow is compared against the LES temperature
data extracted for Line_5 and Line_6. Figure
16 shows the results of this comparison. There
is fairly good agreement at the top with differ-
ences between the laminar solution and LES

data increasing as the flow descends.
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Fig. 16: Comparison of LES data from Case-1 against
the similarity solution by Ostrach[24] for temperature.
Data is extracted from the containment surface now lo-
cated at y =0.

3.3.2. Rod wall
Profiles extracted across the rod gap at

27 Line_1 are compared against the similarity so-



lution for slender vertical cylinders reported by
Popiel[25] but originally published by Spar-
row and Gregg[26]. The similarity variable
(1) and the radius of curvature effect (§) are
used to solve the series expression shown in
Equation 13. The first term in the series ex-

pansion is equivalent to the flat plate solution

by Ostrach[24].

FM.E)=E[fo(m+EA M) +E L M)+

(13a)

T*(M,&) =Ty () +ETF (n) +E2T5 () + -+

(13b)

The series expansions are computed up until
the second order term. A detailed description
of the method used to solve the slender cylin-
der similarity solution is given in the large as-

pect ratio paper[19].

Figure 17 compares the data extracted along
Line_1 against the similarity solution by Spar-
row and Gregg[26]. Below Z* = 0.1 there is
good agreement and above this height the ex-
tracted data departs from the similarity solu-
tion. Velocity profiles have shown for Line_1
at Z* = 0.33 the flow is fully developed. Up
until Z* = 0.1, the flow is clearly laminar.
Above Z* = 0.1 and below Z* = 0.33 the flow

is within the transition regime with transition
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to turbulence occurring by Z* = 0.33. On the
rods it is evident there is natural convection
boundary layer forming but with a much re-
duced development length in comparison to

the containment.
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Fig. 17: Comparison of LES data from Case-1 against
the similarity solution for cylinders by Sparrow and
Gregg[26]. Data is extracted from the cylindrical rod
surface at y = 0 to the stagnant flow region.

The slender cylinder similarity solution for
laminar flow by Sparrow and Gregg[26] is
used to compare against the LES temperature
data across the rod gap. Results in Figure 18

show good comparisons, at or below Z* = 0.1.

3.4. Sub-channel & bulk variation

In Figure 3, the sub-channel divisions are

defined. Using these divisions, the mass flow
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Fig. 18: Temperature comparison of LES data from
Case-1 against the similarity solution for cylinders by
Sparrow and Gregg[26]. Data is extracted from the
cylindrical rod surface at y = 0 to the stagnant flow re-
gion.

variation is computed at this level of resolution
and presented in Figure 19. Peak mass flow
occurs at the square sub-channels and this is
largely to be expected as they would have a
larger rod perimeter. The flow is constrained
to the heated walls with stagnant sub-channels.
Sub-channel 5 which is triangular exhibits an
interesting distribution. Up to Z* ~ 0.05 the
mass flow is equivalent to that of the square
sub-channels. Past this height, there is a dras-
tic reduction in the mass flow reducing it to a

level equivalent to the other triangular arrays.
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This behaviour appears largely driven by the
transition to turbulence of the containment sur-
face along with an impingement effect driv-
ing the flow towards the interior. Crossflow

vectors in Figure 4(b) help illustrate this be-

haviour.
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Fig. 19: Sub-channel massflow variation as a function
of height.

The sub-channel variation of the fluid and
solid temperature is shown in Figure 20. It is
interesting to see that at any axial location, the
temperature of all inner sub-channels (1 to 6)
are the same and those from the external sub-
channels (7 to 9) are also the same but different
from the former group. The fuel rod tempera-
tures show no discernible sub-channel varia-
tion at any axial location. Both the fluid and
fuel rods exhibit a linear temperature gradient
away from the domain ends.

In simple cav-

ities, this has also been observed by various



investigators[2, 6].
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Fig. 20: Sub-channel temperature variation as a function
of height.

3.5. Correlations

Heat transfer correlations are presented for
the containment surface, rod surfaces and the
sub-channels. The Fanning friction factor
computed at the containment surface is also re-
ported. Figure 21(a) presents the Nusselt num-
ber at the containment surface. The Rayleigh

number is computed using the local tempera-

ture difference and the length scale is the dis-
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tance from the top of the domain. Equation
14 is used to calculate the local Nusselt num-
ber. The average Nusselt number is then ob-
tained by averaging along the containment sur-
face per axial location in the circumferential

direction.

q" 2

Nu= .-

= (14)

The Nusselt number profiles show a lin-
ear increase with Rayleigh number, up until
Ra a7 ~ 2 X 10% and 6 x 10° for the lowest
heating cases and highest heating case, respec-
tively. Afterwards, there is a sudden jump in
Nusselt number indicating turbulence transi-
tion. Correlating the LES data for the Lam-

inar portion yields 0.43Ra2’§€}.

Assuming a
flat vertical plate, the laminar correlation for
Nusselt number has an exponent of 0.25. This
shows a remarkable similarity between this ge-
ometry (for flow at the containment surface)
and an unconfirmed vertical surface, further

showing the underlying physics can be consid-

ered somewhat the same.

Next, the Fanning friction factor for the con-
tainment surface is presented in Figure 21(b)
as a function of Rayleigh number. To com-
pute, the fanning factor the peak axial velocity

is used. Similar to the Nusselt plot, an initial



laminar region is seen with a transition region

occurring at higher Rayleigh numbers.
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Fig. 21: Variation of Nusselt and Fanning friction factor
as a function of Rayleigh.

The Nusselt number on the fuel rods has
also been calculated. To relate the derived cor-
relation to those obtained for rectangular cavi-
ties, a mirror profile approach is adopted. This
approach was proposed by Trinca[27] in ear-
lier preliminary work and Figure 22 illustrates

this. In rectangular cavities, the dimensionless
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Fig. 22: Tllustration of the mirror profile approach used
to relate computed Nusselt values to rectangular cavi-
ties.

variables are computed using the temperature
difference between the hot and cold wall. Us-
ing the mirror profile approach the following

equivalent definitions are used:

/!
_ 9L
Nu = AT (15a)
L3 (2AT
Ra = SPL”(2AT) (15b)
(04Y

where AT is the difference between the wall
and minimum temperature. The characteristic
length scale used L is defined as the rod gap
spacing.

Results obtained from this approach are pre-
sented in Figure 23. The aspect ratio, defined
as H/L where H is the height and L is the
rod gap length, ranges from 14 to 26. Data
from the LES simulation is extracted between
Z* = 0.3 and 0.7, as the flow at the top and

bottom is known to be laminar.

Heat transfer correlations for rectangular
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Fig. 23: Nusselt values computed across the rodgap us-
ing the mirror profile approach. Correlation for sub-
figure (a) is Data fit = 0.1Ra2‘3AT and for sub-figure (b)

is Data fit = 0'62Ra1(3;2A4T (H/L)*OS,

cavities obtained by Macgregor and Emery[3]
are given below with and without Nusselt scal-

ing by the aspect ratio:

Nu = 0.046Ra; 37 (16a)

Nu = 0.42Ra{ 35 P2 (H/L)™**  (16b)
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Equation 16(a) is valid for aspect ratios
up to 40 with a Rayleigh number range of
10° to 10°.  Equation 16(b) is valid for
Rayleigh numbers 10* to 107 and aspect ratios
up to 40.

The LES derived data correlations are
O.lRag'iT and O.62Ra%i4T (H/L)™%3 compar-
ing to the forms proposed by Macregor and
Emery[3], respectively. It can be noted the ex-
ponents are very similar, even though there is
a significant difference in the geometry. Simi-
larly, the correlations from Keyhani et al. [12]
had exponents of 0.323 and 0.332 for the dif-
fering rod bundle configurations. In general,
Nusselt number values for turbulent flow are
known to follow the relation CRa’3 for rect-
angular cavities and flat vertical surfaces. For
the more complex geometry and conditions in-
vestigated herein, this dependence has been
shown to still hold, which is a remarkable re-
sult.

In a precursor simulation to those pre-
sented herein by Trinca[27] an unstructured
grid was used to simulate a short geome-
try bundle. A single heating case of 325
W/m? at a pressure of 4 Mpa was investi-
gated. Using the mirror profile approach, the

0.32

correlations obtained were 0.095Ra; 7

1.081RaY-2%. (H /L)"%3. The obtained corre-

and



lations are similar to those from the updated

simulations.

4. Conclusion

LES simulations have been conducted for a
sealed short rod bundle. The flow and tem-
perature distributions observed are akin to the
boundary layer flow regime[2, 3]: Flow occurs
in the boundary layers and the core is largely
stagnant with a uniform stratified temperature
field. The formation and development of mo-
mentum and thermal boundary layer on the
rods and containment wall are important fea-
ture of the flow system.

Flow at the containment surface gradually
develops from laminar and transitions to tur-
bulence occurs close to the bottom-end. Af-
ter the point of transition, turbulence generated
here is spread to the interior sub-channels by
the ensuing jet flow. The spread of turbulence
is demonstrated to affect boundary layer devel-
opment on the rods. The rod ranks closest to
the containment wall are shown to transition
faster. While rods in the first rank, which is
furthest from the containment are largely unaf-
fected and transition to turbulence later. Using
the Q-criterion, turbulence structures are evi-
denced within the vicinity of the fuel rod sur-

faces and lower half of the containment wall.
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Correlations extracted for the rod surfaces
using a mirror profile approach have shown the
Nusselt number has a Rayleigh dependence of
Nu = 0.1Ra%?3 , which is similar to that for a
rectangular cavity. Nusselt number and fric-
tion factor correlations at the containment wall
confirm transition occurs close to the bottom-
end. The formation of a fully turbulent core
as seen by other investigators such as Elder[1]
and Betts and Bokhari[4] has not been ob-
served in this short geometry. Thus it is likely
if a larger domain is modelled the flow and
heat transfer characteristics would be appre-

ciably altered.
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Fig. Al: Profiles of the wall time step along the containment wall generated for case-1 and case-2. The 0 location is
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