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Abstract: An LES simulation of flow over an accumulator unit of
an underwater compressed air energy storage facility was
conducted. The accumulator unit consists of three touching
underwater balloons arranged in a floral configuration. The
structure of the flow was examined via three dimensional iso
surfaces of the Q criterion. Vortical cores were observed on the
leeward surface of the balloons. The swirling tube flows generated
by these vortical cores were depicted through three dimensional
path lines. The flow dynamics were visualized via time series
snapshots of two dimensional vorticity contours perpendicular to
the flow direction; revealing the turbulent swinging motions of the
aforementioned shedding-swirling tube flows. The time history of
the hydrodynamic loading was presented in terms of lift and drag
coefficients. Drag coefficient of each individual balloon in the
floral configuration was smaller than that of a single balloon. It was
found that the total drag coefficient of the floral unit of three
touching balloons, i.e. summation of the drag coefficients of the
balloons, is not too much larger than that of a single balloon
whereas it provides three times the storage capacity. In addition to
its practical significance in designing appropriate foundation and
supports, the instantaneous hydrodynamic loading was used to
determine the frequency of the turbulent swirling-swinging motions
of the shedding vortex tubes; the Strouhal number was found to be
larger than that of a single sphere at the same Reynolds number.
Keywords: droplet-shaped bluff body; LES; swirling flow;
swinging flow; shedding vortex tubes;underwater balloons
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1 Introduction

Over the last decade the electricity market has changed
drastically and renewable energy sources have been
introduced as alternatives for fossil-fuel based electricity
generation. However, renewable energy sources suffer from a
number of challenges including their highly intermittent

nature, low energy density, grid congestion and stability issues.

Storage facilities have the potential to offer a solution to these
challenges. One of the most efficient and environmentally
safe storage technologies is compressed air energy storage
(CAES), which is a modification of the basic gas turbine
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technology (Denholm and Kulcinski, 2004; Rahman et al.,
2012). The application of this underground energy storage is,
however, limited to the land based power stations (Ibrahim et
al., 2008); while much of renewable resources are offshore
(MacKay, 2008). Hence, a variant of the original CAES,
underwater compressed air energy storage UW-CAES,
designed for offshore application is being built in a
demonstration capacity at grid connection scale in Toronto
Harbour (Cheung et al., 2012a and 2012b). In UW-CAES, the
surplus electrical energy generated during the off-peak hours
is converted to hydrostatic pressure by compressing air into
submerged distensible accumulator units. The flexible
balloons of the accumulator unit are anchored to the sea floor;
hence, the stored air is pressurized by hydrostatic forces,
ready to be released back to the surface to drive turbines to
supply the electrical grid when needed. UW-CAES has also
been studied by Pimm et al. (2011) by performing an analysis
of accumulator shape and cost. The study assumed an acting
force normal to the surface of the balloon owing to the
differential pressure acting across the surface. This analysis
can be modified by taking into account the hydrodynamic
loads exerted on the accumulator by the crossing flow. In a
more recent study conducted at the European Marine Energy
Centre in Orkney, Pimm et al. (2014) discussed challenges
associated with underwater accumulators focusing on tears
occurring during the installation and operation. They also
tested two different accumulators in a water tank and found a
small leak causing the air hose and the accumulator to fill
with water. The dynamic nature of the hydrodynamic loads
produced by the crossing flow can severely affect the
observed tears and leakages; hence, having insights into force
characteristics of the crossing flow can be very useful in
choosing a more durable material for manufacturing future
balloons. Furthermore, providing a good estimate of
hydrodynamic loading and structure of the flow is certainly
one of the most demanding tasks to develop an optimal design
for foundation, support structures and valve connections. It
was the above-mentioned considerations that prompted the
present study on flow over a floral unit of droplet shaped
underwater balloons.

There has been significant progress in the understanding of
flow over bluff bodies over the last couple of decades. The
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focus, however, has been limited to flow over regular shapes
like cylinders (Zhang et al., 2010; Lotfollahi et al., 2011;
Wang et al., 2011; Peng et al, 2012; Lam et al., 2012;
Shimada and Ishihara, 2012; Vasel-Be-Hagh et al., 2013a)
and spheres (Taneda, 1978; Constantinescu and Squires, 2003;
EI Khoury et al., 2010). A literature survey on flow over bluff
bodies appeared to indicate a dearth of published research
exploring the cross-flow past droplet-shaped bluff bodies.
Hence, first, the basic case of flow over a single balloon was
examined (Vasel-Be-Hagh et al., 2013b). The current paper,
however, explores the practical case of flow over three
touching balloons in a floral configuration. The central aim of
this paper is developing an understanding of the force
characteristics and the structure of the flow over the
accumulator unit of UW-CAES as an essential step to develop
an efficient design.

2 Computational details

The PF20000 model of professional (PF) lift bags
manufactured by Subsalve USA Corporation is a suitable
choice to perform as the accumulator unit of the UW-CAES
system (Subsalve USA Corporation, 2012). In order to
decrease computational expenses, dimensions of the
PF20000 balloon were scaled down by a factor of 100. As
the force coefficients are functions of the Reynolds number,
the free stream velocity is scaled up 100 times to retain the
same Reynolds number. Dimensions of the scaled balloon
are presented in Fig. 1(a). The touching state of floral
configuration of the balloons is illustrated in Fig. 1(b). The
floral unit is symmetric about the X-axis (the flow direction);
therefore, characteristics of the two downstream balloons
are essentially identical. Hence, only one data set is
presented for the downstream balloons.

In this paper, the characteristic diameter used to define the
Reynolds number is expressed as

6V
D= y 1)
where 7 and A are volume and surface area of a single
balloon respectively. Accordingly, for the scaled down
PF20000 balloon depicted in Fig. 1(a), the characteristic
diameter D is 2.311x10 * m.

Dimensions of the computational domain are provided in
terms of the characteristics diameter D in Fig. 2. As it is
shown, length, height and width of the computational area
are 40D, 11D and 13.2D respectively. The balloon is located
7.7D downstream of the inlet boundary. There is an
approximate distance of 0.1D between the lowest point of
the floral unit and the solid bed. It should be mentioned that
the reference of the coordinate system used in this study is
fixed underneath the center of the unit on the bed surface;
i.e., the lowest point of the unit is at (0, 0.1D, 0). As is
illustrated in Fig. 1(b), in the floral configuration studied,
one of the balloons is located upstream and the other two are
downstream, where the hypothetical line connecting the top
of them is perpendicular to the streamwise direction. Of note,

characteristics of the flow change with the angle of
incidence.
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(a) Scaled down PF20000 balloon; values are in meters (not to scale)

g

(b) floral configuration of the touching balloons
Fig. 1 Dimensions and configurations of the balloons, x axis
shows the streamwise direction

The three boundary conditions applied in the current
simulation are also described in Fig. 2. Mass-flow-inlet
condition with mass flow rate of 888.5 kg/s is set at the inlet
boundary, resulting in a Reynolds number of 2.3x10°. The
outflow boundary condition has a flow rate weighting of 1 at
the outlet, as it is the only outlet of the domain. In the real
application the accumulator unit is installed under deep
water, therefore, to be in accordance with the real case a free
surface condition should be applied on the top boundary of
the computational domain. To avoid extra computational
expenses the no slip condition was employed on the top
boundary, due to the considerable depth this effect is
expected to be small. The no slip condition is also applied at
all solid-liquid interferences including side and bottom walls
of the computational domain and the surface of the balloon,
which is here assumed rigid (non-distensible). Regardless of
the type, either pressure far-field, slip or no-slip; the
simulation results should be independent of properly chosen
side boundary conditions, since in the real scenario there are
no boundaries around the accumulator. The literature has
been largely focused on the no-slip boundary condition;
verifying that if the blockage ratio (BR) is large enough, the
effect of the slip boundary condition applied on the
side-walls is negligible. This was our main motivation for
using no-slip boundary condition.
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Prasanth er al. (2006) and Prasanth and Mittal (2008)
demonstrated that the effects of blockage ratio on the
interactions between flow and bluff bodies are very
significant at low Reynolds numbers so that the blockage
ratio should be 1% or less. However, at Reynolds numbers
larger than 100, the results for BR=1% and BR=5% were
very close and almost independent of walls effect. At
Reynolds numbers on the order of what was studied in the
present paper (10°) the blockage ratios are mostly chosen to
be in the range of 3%-25% (Drescher, 1956; McGregor and
Etkin, 1958; Fung, 1960; Schewe, 1983; Blackburn and
Melbourne, 1996; Bearman and Wadcock, 1973; Sun et al.,
1992). In the present paper, to ensure the negligibility of the
effect of the no-slip boundary condition, the blockage ratio
was set to be approximately 1.3% which is smaller than
what others have been chosen for the similar cases. It should
be mentioned that the blockage ratio was calculated as the
ratio of frontal area of the floral unit and the cross sectional
area of the computational domain.

domain in terms of the characteristics diameter D

3 Mesh

Due to the non-regular shape of the balloons, an
unstructured mesh was generated in the proximity of
boundaries. However, to reach a mesh-independent solution
with a thoroughly unstructured mesh the number of cells
would exceed the capacity of the available processors
(4%x2.4GHz Quad-Core Intel Xeon, supported by 24 GB
RAM). To have an efficient control of the mesh density, the
computational domain was divided into 18 blocks. An
isometric view of the mesh is illustrated in Fig. 3(a). In the
central block that contains the floral unit of the balloons an
unstructured mesh was generated using the T-Grid type of
Tet-hybrid cells (block 1, Fig. 3(b)). In all other blocks the
cooper type of hex-wedge cells was used to establish a
structured mesh.

As the six blocks shown in Fig. 3(b) are meshed, the mesh
size of the rest 12 blocks becomes constrained since each of
them has three edges in common with the six blocks already
meshed. Meldi et al. (2011) demonstrated that a filter width
of A =L/55 is the limit for the correct application of
Smagorinsky subgrid scale model in an LES simulation,
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where L is the large scale and in the present simulation is
assumed to be the balloon height (=<2D) where D is the
characteristic diameter. Accordingly, the central block with
dimensions of 4Dx4Dx2D should contain more than
(4x55/2)x(4x55/2)x(2x55/2)=~660 000 cells to assure that
the grid size is smaller than the LES filter width required for
the Smagorinsky subgrid scale model (=0.036D). As can be
seen in Fig. 3(b), blocks 2—-6 have two edges in common
with the central block. As the common edges are already
meshed, the grid size in these blocks can be controlled just
in one direction through setting the maximum cell aspect
ratio. It is highly recommended to avoid aspect ratios larger
than 5. Accordingly, three fine, extra fine and extremely fine
meshes were generated with maximum aspect ratios of 5, 4
and 3, respectively, resulting in total numbers of 6x10°,
8x10° and 12x10° cells. The variation of the time averaged
force coefficients with these three meshes are depicted in
Fig. 4. As is observed, a fair mesh independency ceased
when the number of cells exceeded approximately 8x 10°.

In the Fluent LES model, the wall boundary condition is
implemented using the law-of-the-wall approach. Accordingly,

there is a logarithmic relation between u*=u/u, and

v =yxu, /v where u, =z, /p is the friction velocity,

7, and p are wall shear stress and density of the fluid

w
respectively. Therefore, it seems there are no computational
restrictions on the near wall mesh density. Here a very fine

near-wall mesh spacing on the order of y" =1 was

generated as was recommended by Sagaut (2006).

(b) Partitioning the computational domain to control mesh density
Fig. 3 Meshing of the computational domain

4 LES model

LES governs dynamics of large eddies by removing
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eddies with scales smaller than the grid spacing (or any
other filter width) from the unsteady Navier-Stokes
equations. The filtered Navier—Stokes equations are

Ou;

s B 2

. )
Ol | o O _ —la—P+i(2vSij ~1) 3)

o B_xi_ pOx; Ox;
As is seen, the filtering brings some additional unknown
terms 7;; namely subgrid scale stresses (SGS) which need

to be determined through an SGS model. In the current
paper, the SM model proposed by Smagorinsky (1963) is
applied to compute the SGS stresses. The main assumption
of the SM model is the equality of the SGS with the product
of an eddy-viscosity g, and the resolved rate of strain

tensor Sij :

£y =3 Ty =245, @)

where the rate of strain tensor §; and the eddy-viscosity
4, are defined as
_ o, ou ;
Sy =125+ )
: ox; 0X;
H = pL? 5 | (6)

in which |§ | is computed via |§| :4/23‘”% . The mixing
length L, is defined by
1

L, =min(kdCV'3) 7
where x,dand C,; are von Karman constant, distance to
the closest wall and Smagorinsky coefficient, respectively.
The Smagorinsky coefficient C; can be kept constant, 0.1
is highly recommended (Chen et al., 2009), or dynamically
computed during the simulation using the information
provided by the smaller scales of the resolved fields
(Germano et al., 1991; Lilly, 1992). According to literature,
it seems the dynamic model gives a better prediction for the
drag coefficient of bluff bodies (Mylonas and Sayer, 2012);

hence, the dynamic model was adopted in the present
simulation.
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Fig. 4 Mesh independence analysis

5 Numerical methodology and verification

All nonlinear governing equations are linearized to a
scalar system of equations through an implicit method. The
Gauss-Siedel solver along with a segregated algebraic
multi-grid (AMG) method is applied to solve this system of
equations. The pressure implicit with split operator (PISO)
algorithm is used for the pressure-velocity coupling.
Compared to the other algorithms (for instance simple,
simplec and coupled) the PISO algorithm requires more
CPU to process; on the other hand, it significantly decreases
the number of iterations before convergence occurs. PISO
algorithm is also more proper for skewed cells which in
meshing of the current complex geometry are unavoidable.
In the LES turbulence model, physical diffusion is
significantly affected by numerical diffusion; consequently,
the bounded central differencing scheme would be a suitable
approach to conduct the spatial discretization. However, in
these schemes there is no numerical damping; therefore, the
numerical fluctuations affect the physical ones. Fortunately,
the Fluent code efficiently obviates this issue by changing
the spatial discretization scheme from the central
differencing to the upwind scheme for any oscillation with a
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wavelength less than twice the local grid spacing. This
feature was the main motivation to conduct the current
simulation using Fluent code. Furthermore, several
researchers already verified the accuracy of the Fluent LES
model in simulating flow over different bluff bodies (Chen
et al., 2009; Vakil and Green, 2009, 2011; Bao et al., 2012;
Mylonas and Sayer, 2012; Liu et al., 2012).

In the current simulation, the Courant number was chosen
to be 0.5 with a time step of 10 s. The number of iterations
for each time step was set to be 10. Using the 8-million-cell
grid described in section 3, and running on a 4x2.4 GHz
Quad-Core Intel Xeon system supported by 24 GB RAM,
every second of real-time flow simulation required
approximately 30 hours of CPU time.

6 Structure of the flow

Consider the schematic motion of two typical particles a
and b around a cylindrical surface element illustrated in Fig.
5(a). Since these particles are moving at the same linear and
angular velocities @ =V /r, the micro-scale line ab leaves
the surface with no spin around X axis (see Fig. 5(a)). It
simply moves side to side in the wake of the cylindrical
surface. Fig. 5(b) shows the motion of these particles around
a surface element of a droplet-shaped body. In this case the
particles are moving around unequal curves, consequently,
the angular velocity of particle b is higher than the angular
velocity of particle a. Hence, particle » turns around the
surface ahead of particle a causing rotation of the line ab.
Therefore, the line ab leaving the leeward surface has a
swirling motion around the flow direction, in addition to its
sideward motion in the wake of the droplet-shaped body.
The combination of such rotations on the surface elements
can generate vortical cores on the leeward surface. These
vortical cores swirl the flow and form vortex tubes
downstream of the droplet shaped bluff body.

(b) Surface element of a droplet-shaped body
Fig. 5 The schematic motion of two typical particles around
the surface

Three-dimensional path lines colored by vorticity
magnitude were used to examine the above-predicted
swirling flows downstream of the droplet shaped balloons.
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The isometric, +X, +Y and +Z views of path lines
downstream of the floral unit are illustrated in Fig. 6. The
vortical cores on the leeward surface of the balloons and the
resulting swirling flows are clearly observed in these
contours. Sujudi and Haimes (1995) predicted similar
swirling flows downstream of an infinite slightly tapered
surface by developing a mathematical algorithm based on
the critical point theory. They proved mathematically that
the structure of the vortical cores and the corresponding
swirling flows are very coherent for strong swirls.
Iso-surfaces of the normalized second invariant of the
velocity gradient, namely the Q criterion proposed by (Hunt
et al., 1988) were used to further investigate the flow pattern
downstream of the balloons. The Q criterion is defined as

1 1
O= E(uiz,i —u; ;)= E("QHZ - "S"2) ®)

where tensors (2 and S are the anti-symmetric and
symmetric parts of the velocity gradient tensor Vu ,
respectively. Physically, (2 denotes vorticity rate and S
represents the strain rate tensors. Therefore, in a pure
irrotational straining motion the velocity gradient tensor
equals to the strain rate tensor (Vu=S) and in the solid
body rotation flow the velocity gradient tensor equals to the

vorticity rate tensor ( Vu=£2). The ||!2|| term is the
absolute value of the vorticity rate tensor (2 which is
defined as [Tr(Q.QT)]O‘5 , where Q" is the transpose of
£, and the trace Tr is sum of the elements lying along the
main diagonal. The term ||S|| is defined similarly.

Accordingly, if the strain rate is much higher than the
vorticity rate ("S" > ||.Q|| ) shear flow is dominant. However,

if the rotation strength is much greater than the shear
strength (||.Q||>>||S|| ), the flow will be highly rotational.

The Q criterion can be expressed in a suitable non
. . L 2
dimensional form by normalizing it by ||S|| . Hence the

Sfinreshold 18 defined as (Kamkar et al., 2011)

Jitreshold = %("0"22
Isl

-1 &)

. . . 1
Accordingly, irrotational flow occurs when fij, cchold = 5

and solid body rotation happens when fi,choiq —> © - The

highly coherent structure of the studied flow downstream of
the balloons is illustrated in Fig. 7 for two fij,cnolq Values

of 20 000 and 5000 respectively. The shedding swirling
tube flows are clearly observed downstream of the floral
unit.

Accompanying these shedding-swirling motions in which
fluid particles perform full rotations around vortex tubes
axis, there are also some partial revolving motions due to the
chaotic changes of the swirling tube flows direction. The
swirling tube flows are found to be randomly moving in
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different directions sometimes interfering with and breaking
up from each other. Although the directions of these flows
are always changing randomly, their sources appear fixed on
the leeward surface of the balloon, i.e. a kind of
three-dimensional disorganized swinging motion. To
visualize the swinging motion of the tube flows it would be
more revealing if we look at the time evolution of the tube
flows cross sections. Hence, vorticity lines are depicted on
three vertical planes (P;, P,, P;) parallel to the Y-Z reference
plane, that is at X=2D, 4D and 6D. These two-dimensional
contours on the planes perpendicular to the flow direction
illustrate the cross sections of the swirling tube flows, which
due to their turbulent dynamic nature are non-circular loops.

.
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&

(a) Isometric view

(b) Top view

(c) Side view

(d) Back view
Vorticity magnitude
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Fig. 6 Three-dimensional pathlines downstream of the
balloons in the closely spaced configuration,
pathlines are colored by vorticity magnitude in 1/s

N

(b) fthreshold of 5 000

Fig. 7 Cohesive structure of vortex tubes downstream of the
balloons. Iso surfaces are colored by vorticity
magnitude in the same range of Fig. 6

Fig. 8 illustrates the vorticity lines downstream of the
floral unit of balloons. The solid lines and dashed lines,
respectively, represent the positive (counter clock wise) and
the negative (clock wise) values of wvorticity. Five
time-series snapshots are presented at each cross section to
illustrate the dynamic of the flow. As is shown in Fig. 8(a),
black lines with vorticity level in the range of 700-3 000 1/s
are utilized to portray flow pattern on plane P;. By moving
toward downstream these lines gradually disappear so that
on plane P, they have mostly faded (see Fig. 8(b)). As can
be seen in panel (c), black lines are still observed on plane
Ps, however, to show a better illustration blue lines with a
lower vorticity level in the range 300-700 1/s are added to
the vorticity contour. The values assigned to vorticity lines
are arbitrary and one can use somewhat different ranges of
vorticity magnitudes to portray the same flow pattern. Here,
an effort was made to use vorticity levels that can describe
the flow pattern as clearly as possible.

7 Force characteristics

Force coefficients F/(0.5pA4.U 2) are calculated using

the maximum horizontal cross sectional area of a single
balloon, i.e. 4. =6.6516x10"m’. Seeing that the force

coefficients oscillate at high frequencies with time, they are
simply presented in an interval of 2 seconds to enable a
closer observation. Time history of the drag coefficient of
the balloons is illustrated in Fig. 9. According to panels (a)
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and (b), the mean values of the drag coefficient are 0.44 and

0.18 for the upstream and downstream balloons, respectively.

In Fig. 9, panels (c) and (d) depict the time history of the lift
coefficient of the upstream and downstream balloons with
mean values of 0.14 and 0.04, respectively. The considerable
difference between force coefficients of the upstream and
downstream balloons is due to the closely spaced
configuration of the balloons, i.e. the upstream balloon acts
as a shield, protecting the downstream balloons from the
direct flow. It is important to mention that Fig. 9 shows
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statistically stationary behavior with a stable nature;
confirming that the transient results have converged. The
mean values of the drag and lift coefficients of the balloons
are compared with those of a single balloon in Tables 1 and
2 respectively. To put these values into perspective they are
also compared with the values associated with the
cylindrical and spherical bodies. It should be stressed that
studies on these basic shapes are not under identical
boundary conditions considered in this study, nonetheless,
the closest ones are chosen.

t,+7/4

t+T12

143774

t+T

—

(a) Plane P, located at X=2D (b) Plane P, located at x=4D (c) Plane P; located at X=6D
Fig. 8 Time evolution of the flow pattern downstream of the floral unit of the touching balloons, vorticity level of the black
and blue lines are in the range of 700-3 000 1/s, 300—700 1/s respectively

Table 1 The mean value of the drag coefficients applied on various bluff bodies at Re=2.3 x 10°

Single balloon

(Vasel-Be-Hagh et al., 2013b) Upstream balloon

Downstream balloon

Sphere
(Achenbach, 1972;
Clift et al., 1978)

Circular cylinder
(Cantwell and Coles, 1983)

0.69 0.44

0.18 0.78<C, <1.4 0.51

Table 2 The mean value of the lift coefficients applied on various bluff bodies at Re=2.3 x 10°

Single balloon

(Vasel-Be-Hagh et al,, 2013b) Opstream balloon

Downstream balloon

Sphere
(Achenbach, 1972;
Clift et al., 1978)

Circular cylinder
(Cantwell and Coles, 1983)

0.06 0.14

0.04 0 0
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Power spectra density (PSD) of non-sinusoidal
oscillations of the lift coefficients are presented in Fig. 10.
Panels (a) and (b) respectively correspond to upstream and
downstream balloons. These figures are plotted in log-log
axes. The PSD were estimated using periodogram algorithm
(Stoica and Moses, 1997). Two high peaks are observed in
PSD of the downstream balloons at Strouhal numbers
(St=fD/U ) of approximately 0.04 and 0.29 indicating the

dominant frequencies at which the swirling-swinging tube
flows are randomly shed off from the balloons. The
upstream balloon is impeded by the downstream ones from
generating any significant swirling tube flow to shed
downstream.
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Fig. 9 Time history of the drag coefficient and lift coefficient
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Fig. 10 Power spectrum diagrams associated with the lift
coefficients of the balloons

8 Conclusions

Flow over a floral configuration of three touching energy
storage balloons was simulated. The underwater balloons
were assumed to be a droplet-shaped stationary bluff body
and the free stream Reynolds number was set at 2.3x10°.
Here the key findings are summarized.

1) Flow around droplet-shaped bluff bodies generates
shedding swirling-swinging tube flows. This may be
attributed to the motion of fluid particles around non-equal
circular sections while crossing the bluff body.

2) The swirling tube flows are found to be randomly
swinging in different directions; sometimes interfering with
and breaking up from each other.

3) The drag coefficient of the upstream and downstream
balloons are lower than that of a single balloon when they
are compared individually.

4) To compare the hydrodynamic efficiency of the floral
unit of three touching balloons with a single balloon it is
better to considering the touching floral unit as a single bluff
body. According to Table 1, the drag coefficient of the unit is
0.8, which is not too much larger than that of a single
balloon whereas it provides three times the storage capacity.

5) The frequency of the vortex tube shedding falls in the
range of St = 0-0.4 with a high peak at St = 0.29 which is
associated with the downstream balloons. The upstream
balloon is blocked by the downstream ones from shedding
any vortex tube.
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