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Abstract
This work is an example of a CFD-assisted design and characterization process for thermal
energy storage vessels. A general modeling technique for future works is also proposed. The
Short-Term Thermal Storage (STTS) tanks at the Drake Landing Solar Community (DLSC) were
used as the principal case study.
The performance characterization of the STTS tanks and the evaluation of other tank designs
were made under solar charging conditions and for the STTS “Hot Tank” only. Three sets of
simulations were undertaken for each tank design, each representing a different state of inlet
conditions reflected in the DLSC’s operational manual. Characterization of the STTS tanks was
done mainly by applying a set of 2nd Law characterization indices, both existing and new, using
exergy as the primary Figure of Merit.
It was evident that significant mixing occurs in the current STTS tanks due to the ineffective
placement of the inlet ports and the lack of an appropriate flow diffuser to prevent mixing. For
example, at the end of the simulations exhibiting constant inlet temperature and flow rate, the
total exergy in the original STTS tank was only 68% of a perfectly-stratified vessel. A modified
design of the STTS tanks, which only shifted the position of the inlet port and center baffle,
significantly improved this value to over 90%. Additional analysis also indicated that the STTS
tanks would benefit from a simple flow distributor or inlet manifold that would address
stratification issues inherent to variable temperature inlet conditions. However, further analysis
on this particular design configuration is needed.
The characterization methods employed in this work represent an effective means to differentiate
between the stratification effectiveness of various thermal storage vessel designs. This work
would further benefit from a future study that compares changes to the STTS tanks’ stratification
efficiency with changes to the DLSC’s overall performance, including a cost-benefit analysis.
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Chapter 1
Introduction
1.1 Background
The growing number of problems with the world’s dependence on fossil fuels continues to foster
the public’s desire to pursue clean, renewable sources of energy. In Canada, whether it is due to
climate change, the need to achieve complete energy independence, the eventual depletion of
fossil fuel resources, or even a desire to prevent foreign ownership of a budding global market,
the reasons for pursuing alternative energy technologies have become clear and abundant.
The image of renewable energy that often pervades in the Canadian spotlight is that of an
electricity-supplying technology, such as wind, solar PV, or hydro. What is unfortunate is that in
Canada, conventional thermal energy consumption (i.e., heat provided directly from the burning
of fossil fuels) represents a significant portion of energy usage in all sectors. Therefore, even with
a wind turbine posted at every street corner across the country, Canada would not be able to free
itself from fossil fuels without a significant change to end-use infrastructure. This is particularly
true for the residential sector, which accounts for roughly 16% of energy consumption in Canada
[3].
Figure 1.1 categorizes the annual per capita residential energy consumption for the Province of
Ontario and the US states of Florida and California. It will be noted that the space heating load of
Ontario - which is conventionally provided by natural gas – nearly trumps the entire energy
consumption of the state of Florida. Moreover, it can be noted that the vast majority of Florida’s
residential energy load requires only electricity. In other words, if either Province/State were to
convert their entire electricity supply to renewable resources, Ontario would still face significant
carbon emissions.
1

Figure 1.1. Annual residential energy consumption in select North American provinces/States
(sources: Natural Resources Canada [3], US Department of Energy [4])
The best way to “renewable-ize” Ontario’s heating load is through the promotion of renewable
thermal energy technologies. One of the most promising of these technologies is solar thermal
energy, which is defined as the efficient generation of heat through the direct conversion of solar
radiation. The technology has already become a solution for mild and sunny climates and its
widespread adoption in Spain and Turkey serve as good examples. The success of the solar
thermal energy market in regions such as China [5] has also highlighted the relative affordability
of the technology.
Historically, the widespread adoption of conventional solar thermal technologies in northern
climates, with high heating loads, has always faced a major challenge. The period of the year that

2

requires the most heating – winter - is naturally the period of the year with the least solar energy
available. Figure 1.2 portrays an illustration of this.

Figure 1.2.

A general depiction of the seasonal variation in solar energy availability and
heating loads for Kingston, Ontario (data sources: NASA [6], Queen’s University
ILC [7])

Conventional wisdom would indicate that the viability of solar thermal energy in cold climates
would be greater if it would be possible to efficiently store the excess solar thermal energy
available in summer and make use of it in the winter. An example of such a system is shown in
Figure 1.3
The study of such systems - called solar thermal systems with seasonal energy storage - is not
new. In Europe, Denmark and Germany have been pioneering the technology for over a decade,
resulting in the development of a number of large-scale solar district-heated communities [8, 9].
The Drake Landing Solar Community (DLSC) in Okotoks, Alberta is North America’s first foray
into this particular application of solar thermal and seasonal storage technologies.
3

The Drake Landing Solar Community (DLSC) in Okotoks, Alberta is North America’s first foray
into this particular application of solar thermal and seasonal storage technologies.
This work involves a design evaluation of one of the DLSC’s essential components responsible
for thermal energy storage.

Heat is gathered by
solar thermal
collectors on a
rooftop

The collected heat is
transferred to a large
underground, insulated
thermal storage vessel

Beginning of Summer
Figure 1.3.

By the end of
the summer, the
thermal storage
vessel is fully
charged

End of Summer

In the winter, heat
is transferred out
of the storage
vessel and sent
back to the home

Winter

Overview of a typical domestic solar heating system with seasonal geothermal
energy storage

1.2 The Drake Landing Solar Community
The Drake Landing Solar Community (DLSC) is a sub-division of 52 homes, which has been
designed to provide, within its first 5 years of operation, at least 90% of annual space heating
requirements using solar thermal energy alone. The project was completed in 2007 and was
developed and supported by a wide range of governmental, industrial, and academic institutions.
The operation of the DLSC involves three distinct thermodynamic systems: the solar thermal
collector loop, the borehole thermal energy (seasonal) storage loop, and the district heating
network loop. As each loop operates efficiently at varying flow rates, two large sensible thermal

4

energy storage tanks act as a buffer between the three systems. The DLSC’s overall design is
illustrated in Figure 1.4.

Figure 1.4.

Schematic of Drake Landing Solar Community, Okotoks, Alberta
(source: How it Works - Drake Landing Solar Community [10])

The efficient operation of the Short-Term Thermal Storage tanks is crucial, given that their
performance can directly affect the efficiency of the other loops downstream. A more detailed
description of the Drake Landing Solar Community’s operation can be found in literature and
online [10, 11].

1.3 The Short-Term Thermal Storage Tanks
The Short-Term Thermal Storage (STTS) tanks are two large, cylindrical vessels, each storing
130,000 L of water in the form of sensible heat. Their configuration and design is illustrated in
Figures 1.5 and 1.6. The STTS tanks can operate under charging and discharging conditions
simultaneously. During charging conditions, fluid flows from the “Hot Tank" to the “Cold Tank",
and vice versa during discharging operations. There are a total of six sensors monitoring the
temperature distribution within the tanks, with three in each vessel. Their locations are illustrated
in Figure 1.7. Experimental measurements are recorded at intervals of 10 minutes, and the error
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associated with the thermoprobes lies in the range of +/- 2°C. This is an estimated measurement
error, and was determined after correspondence with John Kokko, one of the coordinating
engineers at the DLSC [12].
•

Tank Dimensions:
•
•

~11.4 m (length)
~3.8 m (dia.)

Thin-horizontal baffle separates flow
within each tank, spanning approx.
85% of the tank’s length
Tank Insulation:
•

Operating Flow Rates:
•

3.35 L/s to 14.9 L/s
(Re ≈ 47,000 to
520,000)

Three Operating Loops:

Connector Pipe:
•

•
•
•

ø150 mm
HOT TANK

Figure 1.5.

R-20 along tank shell;
adiabatic conditions
assumed during
charging/discharging
(see Appendix A)

COLD TANK

Solar Collector Loop (ø100 mm)
District Heating Loop (ø75 mm)
Seasonal Storage Loop (ø50 mm)

Design overview of DLSC Short-Term Thermal Storage (STTS) tanks

45°
1.52 m

1.83 m
0.36 m

45°
0.295 m

0.36 m
0.195 m

Figure 1.6.

Location of inlet/outlet ports on the STTS tanks (not to scale)
0.51 m
Ttop
1.83 m

Tmid

0.51 m

Figure 1.7.

Tbottom

6
Location of temperature sensors on the STTS tanks (identical on both tanks)

1.4 Problem Definition
Initial experimental data recorded at the Drake Landing Solar Community indicated that the
STTS tanks are exhibiting poor thermal stratification performance during the solar charging
cycles [12]. It is well known that thermal stratification is a design feature of thermal storage
vessels that is critical to achieve high system efficiency in solar thermal systems (to be discussed
in Chapter 4). Given the size of the STTS tanks, it has not been feasible to examine their
stratification performance from purely experimental analysis. As a result, this problem offered a
unique opportunity to study the behaviour of the STTS tanks using numerical modeling
techniques, specifically computational fluid dynamics (CFD).

1.5 Objectives and Approach
Although the STTS tanks present an interesting opportunity for a CFD-assisted design analysis,
the complexities inherent with CFD modeling required this work to be conducted in several
stages. First, a review of CFD modeling principles pertinent to thermal energy stores was
conducted and a validation of the chosen model was undertaken. Next, a review of thermal
energy storage design and characterization techniques was done prior to any simulation and
assessment of the STTS tanks. This is summarized as follows:
Phase I - Literature Review:

Review of thermal energy storage tank design
objectives, characterization methods, and CFD modeling
techniques

Phase II – Model Development:

Preparation of a CFD model for the analysis of the STTS
tanks

Phase III – Model Validation:

Comparison of the numerical model’s results against
experimental data collected at the DLSC
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Phase IV – Design Assessment:

Development of a series of CFD simulations to examine
the performance of the current STTS tanks' design, and
further analysis against potential alternative STTS tank
designs

The overall goal of this project was to conduct a performance analysis of the STTS tanks' design
when operating under solar charging conditions. As the bulk of CFD analyses of thermal energy
storages have been conducted in recent years, this study should serve as a useful reference for
researchers on future projects.

1.6 Scope of the Study
The scope of this work included the preparation and validation of a CFD model of the STTS
tanks, the characterization of their design using the validated model, and the preliminary analysis
of alternative STTS tank concepts using the developed CFD principles.
As was already stated, the STTS tanks were analyzed under solar charging conditions only.
Nevertheless, the incorporation of the other operating loops (i.e., ground storage, and district
heating) was considered during the design phase of the alternative STTS tank concepts. In
addition, as the STTS tanks are relatively symmetrical in their design, this study focused only on
the examination of the STTS "Hot Tank". This was done to simplify the CFD model and reduce
computational expense at little expected cost to the research's value.
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Scope of this Study

CFD Model Set-up and Validation

Figure 1.8. Flowchart depicting the approach of the current study
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Chapter 2
CFD Modeling Principles for Thermal Energy Storage Tanks
2.1 Introduction
Computational Fluid Dynamics (CFD) involves the numerical discretization of the governing
equations of fluid mechanics to simulate fluid flow, heat transfer, and associated processes in a
given environment. To understand the performance of any CFD model naturally requires a
fundamental understanding of the fluid mechanics theory governing the solution. This section
will review the governing equations of fluid flow relevant to thermal storage analysis and will
describe the CFD modeling principles to be used in this work.
This review is based fundamentally on the textbooks of Versteeg et. al. [1], Abbott et. al.[13], and
White [14], which all describe fluid mechanics and CFD modeling principles in great detail. In
addition, the workshop material provided by Dr. Lightstone and Dr. Oosthuizen [15, 16], as well
as the documentation provided with the commercial CFD software, FLUENT [17], are very
useful. This is also the case for the recent Ph.D. thesis of Panthalookaran [18], which represents a
comprehensive analysis of CFD turbulence modeling techniques for thermal energy storage
vessels.

2.2 The Governing Equations of a Fluid Element in Motion
As a basic step for CFD analysis, one must review the equations governing the motion of mass
and momentum of a given volume of fluid. Figure 2.1 illustrates such an element in motion, with
corresponding mass m, and dimensions δx, δy, and δz. The element is shown in relation to its
neighboring fluid elements, which altogether form a larger fluid mass. The volume of each
element, (δxδyδz), remains constant with respect to time. Generally, it is assumed that the length
scale of the fluid element is in the order of 1 µm (or greater) to ignore molecular motions.
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Fluid properties at centroid (x,y,z):
Temperature, T
Density, ρ
Pressure, p
Velocity vector, u, or (u,v,w)
δz

(x,y,z)

δy
δx

z
y

x

Figure 2.1. Dimensions and properties of a fluid element in motion
2.2.1 The Continuity Equation
From elementary physics, we know that mass cannot be created or destroyed. This means that, for
the fluid element in Figure 2.1, the rate at which mass increases in the fluid element must be
reflected by a change in the net outflow of mass at the element’s boundary, such that:

∂ρ ∂ ( ρu ) ∂ ( ρv) ∂ ( ρw)
+
+
+
=0
∂t
∂x
∂y
∂z

(2.1)

One can note that, by convention, mass is described in terms of volume, and a positive mass flux
represents fluid exhausting from the element.
For incompressible flow, we know that a change in density cannot be incurred without a change
in volume. Therefore, for an incompressible control volume, we can simplify the conservation of
mass equation further:

∂u ∂v ∂w
+
+
=0
∂x ∂y ∂z

(in simplified notation: ∇ ⋅ u = 0 )
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(2.2)

Equation 2.2 is referred to as the continuity or conservation of mass equation for incompressible
flow.

2.2.2 Conservation of Momentum Equations
The conservation of momentum equation is derived from Newton’s second law of physics, which
states that the rate of momentum increase by a fluid element is equal to the sum of forces acting
on the element. In 3D numerical modeling, the equation is usually divided into individual
Cartesian components. Only the x-component of the momentum equation is derived here. It is
easy to see that that the y- and z-components can be derived in a similar manner.
The first part of the x-component of the conservation of momentum equation addresses the net
increase in momentum experienced by the fluid element in the x-direction. It is defined, in terms
of volume, as:

ρ

Du
Dt

(2.3)

Du/Dt , which represents the left-hand side of the momentum equation, is a total derivative. It
characterizes the transient change in a given variable with respect to both time and space. In its
expanded form, the total derivate of the x-velocity vector, u, is:

∂u
∂u
∂u
Du ∂u
=
+u
+v
+w
∂x
∂y
Dt ∂t
∂z

(2.4)

The right-hand side of the momentum equation addresses the net forces acting upon the element.
These can be forces at the surface (i.e., pressure forces and viscous forces), or body forces (i.e.,
gravity). Figure 2.2 illustrates the possible surface forces acting upon a fluid element in the xdirection. The differential format is used to describe the overall change in a given stress with
respect to the corresponding length, δx, δy, or δz.
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∂τ yx
∂y

∂τ zx
δzδxδy
∂z

δyδxδz

∂τ xx
δxδyδz
∂x

δz
(0,0,0)

−

∂p
δxδyδz
∂x

δy

δx

z
y

x

Figure 2.2. Surface forces acting on a fluid element in the x-direction
The momentum equation in the x-direction is constructed by summing the surface forces
illustrated in Figure 2.2:

ρ

Du ∂ (− p + τ xx ) ∂τ yx ∂τ zx
=
+
+
+ S Mx
∂x
∂y
∂z
Dt

(2.5)

The term SM reflects the body forces working on the fluid element, such as gravity, when
applicable. The y- and z- momentum equations are found in kind to be:

ρ

Dv ∂τ xy ∂ (− p + τ yy ) ∂τ zy
=
+
+
+ S My
Dt
∂x
∂y
∂z

(2.6)

ρ

Dw ∂τ xz ∂τ yz ∂ (− p + τ zz )
+ S Mz
=
+
+
Dt
∂z
∂x
∂y

(2.7)

2.3 The Navier-Stokes Equations for Incompressible Flow
In their current form, the momentum equations contain a number of unknowns, such as density
and an assortment of velocity and shear stress variables. A direct numerical solution of the
momentum equations would therefore necessitate a complex mathematical algorithm. The
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Navier-Stokes (N-S) equations, derived in the late 19th century by the mathematicians of the same
name, provides a very useful simplification. The N-S equations are derived here for the xdirection only. As before, the y- and z-components can be found in a similar manner.
The N-S equations make use of the principles of Newtonian fluids, whereby the stress incurred at
an element’s surface is proportional to the rate of deformation seen at the surface. The
proportionality constant describing the relationship is the viscosity coefficient, µ, a material
property that is well known for a variety of fluids. To derive the x-component N-S equation, we
first replace the stresses present in the momentum equation (eq. 2.5) with their equivalent
viscosity/strain rate pairings, whereby:

τ xx = 2μ

⎛ ∂u ∂v ⎞
∂u
⎛ ∂u ∂w ⎞
+ ⎟⎟ , τ zx = μ ⎜ +
, τ yx = μ ⎜⎜
⎟
∂x
⎝ ∂z ∂x ⎠
⎝ ∂y ∂x ⎠

(2.8)

Upon doing so, we can observe the long-hand form of the x-component Navier-Stokes equation:

ρ

∂p ∂ ⎡ ∂u ⎤ ∂ ⎡ ⎛ ∂u ∂v ⎞⎤ ∂ ⎡ ⎛ ∂u ∂w ⎞⎤
Du
= − + ⎢2 μ ⎥ + ⎢ μ ⎜⎜ + ⎟⎟⎥ + ⎢ μ ⎜ +
⎟ + S Mx
∂x ∂x ⎣ ∂x ⎦ ∂y ⎣ ⎝ ∂y ∂x ⎠⎦ ∂z ⎣ ⎝ ∂z ∂x ⎠⎥⎦
Dt

(2.9)

This can be simplified to:

ρ

∂p ∂ ⎛ ∂u ⎞ ∂ ⎛ ∂u ⎞
Du
= − + ⎜ μ ⎟ + ⎜⎜ μ ⎟⎟
∂x ∂x ⎝ ∂x ⎠ ∂y ⎝ ∂y ⎠
Dt
∂ ⎛ ∂u ⎞ ∂ ⎛ ∂u ⎞ ∂ ⎛ ∂v ⎞ ∂ ⎛ ∂w ⎞
+ ⎜ μ ⎟ + ⎜ μ ⎟ + ⎜⎜ μ ⎟⎟ + ⎜ μ
⎟ + S Mx
∂z ⎝ ∂z ⎠ ∂x ⎝ ∂x ⎠ ∂x ⎝ ∂y ⎠ ∂x ⎝ ∂z ⎠

(2.10)

or even further to:

⎛ ∂ 2u ∂ 2u ∂ 2u ⎞
Du
∂p
∂
⎟⎟ + μ (∇ ⋅ u ) + S Mx
ρ
= − + μ ⎜⎜
+
+
Dt
∂x
∂y
∂z ⎠
∂x
⎝ ∂x
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(2.11)

As it is known that the divergence of the velocity vector for an incompressible fluid element must
be zero (see eq. 2.2), the second last component of eq. 2.11 can be omitted. The result becomes
the general, simplified form of the Navier-Stokes equation for incompressible fluids:

ρ

⎛ ∂ 2u ∂ 2u ∂ 2u ⎞
Du
∂p
⎟ + S Mx
= − + μ ⎜⎜
+
+
Dt
∂x
∂y
∂z ⎟⎠
⎝ ∂x

(2.12)

And for the y- and z-directions:

ρ

⎛ ∂ 2v ∂ 2v ∂ 2v ⎞
Dv
∂p
⎟ + S My
= − + μ ⎜⎜
+
+
Dt
∂y
∂y
∂z ⎟⎠
⎝ ∂x

(2.13)

ρ

⎛ ∂2w ∂2w ∂2w ⎞
Dw
∂p
⎟ + S Mz
= − + μ ⎜⎜
+
+
Dt
∂y
∂z ⎟⎠
∂z
⎝ ∂x

(2.14)

2.4 The Energy Equation for Incompressible Flow
The energy equation is a derivation of the First Law of Thermodynamics, which concerns the
conservation of energy. The equation takes the general form:

ρ

De & &
= Q + W + SE
Dt

(2.15)

It is more useful to simplify the energy equation to denote the conservation of internal energy in
terms of temperature, as shown in equation 2.16. The conductive heat transfer term, Q& , is
expanded to its differential form, Q& = ∇ ⋅ q = ∇ ⋅ (− k∇T ) .

ρ

⎛ ∂ 2T ∂ 2T ∂ 2T
De
DT
≈ ρc p
= k ⎜⎜ 2 + 2 + 2
Dt
Dt
∂y
∂z
⎝ ∂x

⎞
⎟⎟ + Φ + S E
⎠

(2.16)

The symbol, Φ, denotes heating due to viscous dissipation (a product of the work term, W). It can
usually be neglected in low-velocity conditions. Other non-relevant sources of heat transfer, such
as radiation and chemical reactions, can also be neglected for typical thermal energy storage
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vessels. The energy equation can be further reduced if one recalls that thermal diffusivity, α, is
equal to k/ρcp:

⎛ ∂ 2T ∂ 2T ∂ 2T
DT
= α ⎜⎜ 2 + 2 + 2
Dt
∂y
∂z
⎝ ∂x

⎞
⎟⎟ + S E
⎠

(2.17)

2.5 The General Transport Equation
The similarity between the energy equation (eq. 2.17) and the momentum equations (eq's. 2.12 to
2.14) is of no surprise. They are both manipulations of the general transport equation of a given
property,

ρ

:

⎛ ∂ 2φ ∂ 2φ ∂ 2φ ⎞
Dφ
⎟ + Sφ
= Γ⎜⎜
+
+
Dt
∂y
∂z ⎟⎠
⎝ ∂x

Rate of increase of
within fluid

(2.18)

Net rate of flow of
+

element

Rate of increase in

Rate of increase of

due to diffusion

out of element

due to sources

(advection)

A basic understanding of the transport equation is important. The equation forms the
mathematical backbone of the most commonly used turbulence models that are discussed in the
following section.

2.6 Turbulence Modeling
Turbulence is a phenomenon which occurs when fluid flows at a velocity where inertial forces far
outweigh the magnitude of viscous forces. It is illustrated by the seemingly random perturbations
in a fluid’s velocity and is often indicated by the value of the Reynolds Number, where:

Re =

ρuD
μ

(2.19)
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The characteristic length in this case is the mean diameter, D, of a stream of fluid. A vast number
of historical experiments have determined the critical Reynolds Number at which laminar flow,
for a given geometry, transitions into turbulence.
When turbulence is a factor, the random perturbations in a fluid stream’s velocity increase the
rate of momentum diffusion into any surrounding fluid that is at rest. An example of such a case
can be seen in the study of jet impringment in a stratified volume [19, 20], a scenario that is
relevant to thermal energy storage tanks.
Although direct numerical analysis of turbulence phenomena remains impractical for large-scale
studies, the salient features of many turbulent flow regimes can be successfully predicted through
the application of turbulence models [18]. These models are based on the principle that the mean
properties of a turbulently-flowing fluid element can be estimated through ensemble- or timeaveraging. The first step in achieving this requires that the instantaneous velocity of the fluid
element be described in terms of its mean velocity and magnitude of fluctuation:

u(t ) = U + u ′(t )

(2.20)

Figure 2.3 provides an illustration of eq. 2.20
u′

u

U

t
Figure 2.3.

Velocity fluctuations of a turbulently-flowing fluid element
(adapted from Versteeg [1])
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The time-average of the fluctuating velocity component must be zero, where:

u′ =

1 Δt
u ′(t ) dt = 0
Δt ∫0

(2.21)

It likewise found, that the mean velocity, U, is simply time-average of the recorded velocity, u.
This time-averaged representation of turbulent fluid flow results in a new derivation of the
governing equations of momentum (the continuity equation remains unchanged). The simplified
form of the time-averaged momentum equations are:

⎛ ∂ 2 u ∂ 2 u ∂ 2 u ⎞ ⎛⎜ ∂ρ u ′ 2 ∂ρ u ′v ′ ∂ρ u ′w′ ⎞⎟
∂
− ∂p
⎟+ −
+
+
+ μ ⎜⎜
−
−
( ρu ) + ∇ ⋅ ( ρu u ) =
+ S Mx
∂y
∂z ⎟⎠ ⎜⎝
∂t
∂x
∂x
∂y
∂z ⎟⎠
⎝ ∂x
⎛ ∂ 2 v ∂ 2 v ∂ 2 v ⎞ ⎛⎜ ∂ρ v ′u ′ ∂ρ v ′ 2 ∂ρ v ′w′ ⎞⎟
∂
− ∂p
⎟+ −
+
+
+ μ ⎜⎜
−
−
( ρv ) + ∇ ⋅ ( ρv u ) =
+ S My
∂y
∂z ⎟⎠ ⎜⎝
∂t
∂x
∂x
∂y
∂z ⎟⎠
⎝ ∂x
⎛ ∂ 2 w ∂ 2 w ∂ 2 w ⎞ ⎛⎜ ∂ρ w′u ′ ∂ρ w′v ′ ∂ρ w′ 2
∂
− ∂p
⎟+ −
+
+
+ μ ⎜⎜
−
−
( ρw ) + ∇ ⋅ ( ρw u ) =
∂y
∂z ⎟⎠ ⎜⎝
∂t
∂x
∂x
∂y
∂z
⎝ ∂x

⎞
⎟ + S My
⎟
⎠

(2.22), (2.23), and (2.24) respectively
The key change brought about by the time-averaged momentum equations, otherwise known as
the Reynolds-Averaged Navier-Stokes (RANS) equations, is the addition of the so-called
Reynolds stress, − ρ u ′u ′ . This is not particularly useful for CFD simulations, as achieving
closure of the Reynolds Stress would be an ardous and costly numerical process. This is the basis
of the relevant turbulence models to be described in this work.

As it is often necessary to understand only the effects of turbulence - as opposed to directly
resolving the details of turbulent fluctuations - turbulence models make use of the Boussinesq
equation for eddy viscosity to approximate the Reynolds stresses and achieve closure of the
RANS equations. The Boussinesq approximation states that the Reynolds stresses acting upon a
fluid element is proportional to the mean shear stresses acting upon the element:
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⎛ ∂ 2u ⎞
⎛ ∂u ∂v ⎞
⎛ ∂u ∂w ⎞
− ρ u ′u ′ = μ t ⎜⎜ 2 ⎟⎟ , − ρ u ′v′ = μ t ⎜⎜
+ ⎟⎟ , − ρ u ′w′ = μ t ⎜
+
⎟
∂
y
∂
x
z
∂
∂x ⎠
∂
x
⎝
⎝
⎠
⎝
⎠

(2.25)

The proportionality constant is the turbulent or eddy viscosity, µt. It describes the transfer of
momentum attributed to turbulent eddies. Given that turbulent diffusion would have a direct
effect on the convection and conduction of heat within a volume, it is necessary to modify the
energy equation to reflect this, denoted by a change in the thermal conductivity k, to an effective
conductivity keff:

ρc p

⎛ ∂ 2T ∂ 2 T ∂ 2 T
DT
= k eff ⎜⎜ 2 + 2 + 2
Dt
∂y
∂z
⎝ ∂x

⎞
⎟⎟ + Φ + S E
⎠

(2.26)

The equation for the effective conductivity is dependent on the turbulence model in use, but it is
usually based on a manipulation of the turbulent Prandtl Number, where:

Prt =

turbulent viscous diffusion rate c p μ t
=
kt
turbulent thermal diffusion rate

(2.27)

The turbulent Prandtl Number has been found to lie around 0.85 for most flow conditions, and it
is usually set at this value by default. Therefore, the effective conductivity, keff is:

k eff = k + k t = k +

c p μt

(2.28)

0.85

This interpretation of the effective conductivity is taken directly from the standard K-ε turbulence
model, which is to be discussed on the following page.
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Table 2.1 provides a general description of the three most common, computationally economical
turbulence models used by the commercial CFD program, FLUENT. Each model introduces an
additional transport equation (or multiple equations) which solves for the eddy viscosity, µt.
Although this does increase computational expense, it does so to a far lesser degree than if the
individual Reynolds Stresses would be solved individually. History has shown that these models
are well suited for a wide variety of turbulence modeling scenarios.
Table 2.1.

Overview of Common Turbulence Models for CFD Analysis
(source: FLUENT v.6.3.26 software documentation [17]).

Name

Description

Evaluation of
turbulent viscosity

SpalartAllmaras
(1 equation
model)

The S-A model is computationally inexpensive. It
introduces only one new equation to the CFD solver. The
equation is a modeled transport equation that solves for

ν~ )
(
μ =ρ ~ ν
(ν ν ) + C

the turbulent kinematic viscosity,ν~ , and later compares

this to the turbulent dynamic viscosity, μt. It is a
relatively new model that requires empirical constants
for closure, and has not yet been declared suitable for all
types of flow scenarios.
K-ε
(2 equation
model)

The K-ε turbulence model is considered the industrystandard model for most engineering flows. It employs
two transport equations, solving for the turbulent kinetic
energy, K, and the turbulence dissipation rate, ε.
Together, they are used to determine the turbulent
viscosity. The model also requires empirical constants
for closure and to address the historically-observed
shortcomings of the standard K-ε model, such as poor
prediction of low-Reynolds Number flow and the
spreading of round jets, variants of the model have been
produced and are available. These derivates, such as the
RNG and Realizable K-ε models, have been shown to
increase the uniform applicability of the K-ε model.

20

3

t

3

3

ν~

v1

Where:
• Cv1 is a constant
• ν is the kinematic
viscosity

μ t = ρC μ

k2

ε

Where:
• Cµ is a constant

K-ω
(2 equation
model)

The K-ω turbulence model is similar to the K-ε model,
but it is specially suited for predicting near-wall flow
regimes. The model employs two transport equations,
solving for the turbulent kinetic energy, K, and the
specific dissipation rate, ω (which is related to ε). The Kω SST model, a variant of the standard model, is better
suited for a wider class of flows, as it improves the
prediction of free-stream flow by reverting to the more
accurate K-ε model outside of the near-wall region. This
is particularly useful for thermal energy storage tanks
due to jet impingement at the storage vessel inlets.

μt = ρ

k

1
ω max[ f 1 , f 2 ]

Where:
f1 and f2 are functions
that correct the
prediction of lowReynolds Number
flows and accounts
for the transport of
turbulent shear stress

It is important to recognize the semi-empirical nature of the prominent turbulence models.
Observe the transport equations of the standard K-ε model for incompressible, adiabatic flow:

ρ

μ
DK ⎛
= ⎜⎜ μ + t
σk
Dt ⎝

μ
Dε ⎛
= ⎜⎜ μ + t
ρ
Dt ⎝
σε

⎞⎛ ∂ 2 K ∂ 2 K ∂ 2 K ⎞
⎟⎟⎜⎜ 2 + 2 + 2 ⎟⎟ + 2μ t s s − ρε + S k
∂y
∂z ⎠
⎠⎝ ∂x

(2.29)

⎞⎛ ∂ 2 ε ∂ 2 ε ∂ 2 ε ⎞
ε
ε2
⎟⎟⎜⎜ 2 + 2 + 2 ⎟⎟ + C1ε (2μ t s s ) − C 2ε ρ
+ Sε
K
K
∂y
∂z ⎠
⎠⎝ ∂x

(2.30)

Where:
•

s is a mean rate-of-strain tensor
(i.e., s xx =

•

∂u
1 ⎡ ∂u ∂v ⎤
1 ⎡ ∂u ∂w ⎤
, s xy = ⎢ + ⎥, s xz = ⎢ +
, etc.)
∂x
2 ⎣ ∂y ∂x ⎦
2 ⎣ ∂z ∂x ⎥⎦

σk and σε are the turbulent Prandtl numbers for K and ε respectively. They are constants
by default, (σk = 1.0 and σε = 1.3).

•

C1ε, and C2ε are also pre-defined constants.

The Spalart-Allmaras model and the K-ω models both exhibit this same dependency on empirical
constants to achieve closure. As a result, any general recommendations for one of the
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aforementioned turbulence models must be re-evaluated when faced with a relatively new
modeling application. This is the case for the CFD analysis of thermal energy stores (TES), as the
use of turbulence models has not been widely documented. In fact, one of the only
comprehensive studies on the matter was produced as recently as 2007.
In his Ph.D. thesis [18], Panthalookaran provided an up-to-date review of turbulence modeling for
large thermal energy storages. A major portion of the work was involved with calibrating the two
pre-eminent K-ε models (RNG and Realizable) for optimized simulation of large thermal storage
water tanks. This was done, in part, by conducting a trial-and-error analysis that varied the
models’ empirical constants until simulated results most closely matched experimental
measurements for a range of thermal storage geometries and operating conditions.
Panthalookaran’s results suggested that the realizable K-ε model is presently the best model for
thermal energy storage simulations, and he illustrated that the model could be further improved
by making a simple change to some of the empirical constants. Panthalookaran also showed,
however, that the realizable K-ε model produces reasonable results under its default settings, and
it will be used as such in this study. Panthalookaran also highlights that the default RNG K-ε
model is also suitable, but to a lesser degree than the realizable model.
Along with Panthalookaran’s recommendations, Dr. Lightstone from McMaster University
suggested that the K-ω SST model could also be appropriate for the study of thermal energy
storage vessels [21].
This study will evaluate the accuracy of the following turbulence models with respect to the
analysis of the Drake Landing STTS tanks:
•

K-ε RNG turbulence model

•

K-ε Realizable turbulence model
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•

K-ω SST turbulence

As previously indicated, the FLUENT documentation contains a detailed description of these
models and describes how they are incorporated into analyses.

2.7 Treating Buoyancy
The governing equations provided in the previous sections did not incorporate buoyancy forces,
which are required to assess natural convection (i.e., thermal stratification) in thermal energy
storage vessels. In FLUENT, modeling the effect of buoyancy requires a new body-force term in
the momentum equation, where:
Gb , f = (ρ − ρ 0 )g

(2.31)

The reference density, ρ0, is user-defined and characterizes the magnitude of the buoyancy force.
An added term for buoyancy is also required in the K-ε and K-ω turbulence model equations,
defined as follows:
G b ,t = β g

μt
Prt

(2.32)

∇T

An explanation of the buoyancy term in the turbulence equations is provided in the FLUENT
documentation.

2.8 Solution of the Governing Equations using FLUENT
To simulate the fluid dynamics within a given environment, the relevant governing and transport
equations must be discretized and solved. The complexities in accurately doing so is one of the
main reasons for the existence of commercial CFD software, such as FLUENT, which have
largely taken this process out of the hands of the engineer and scientist.
FLUENT creates a solution of the governing equations by employing the finite volume method
and solving the system of equations iteratively. For most applications, FLUENT employs a
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pressure-based solver with an appropriate pressure-velocity coupling to enforce mass
conservation. The heart of developing an accurate CFD model with FLUENT lies with the careful
selection of the solver settings, such as the spatial and temporal discretization methods, the type
of pressure-velocity coupling, the solution convergence criteria, under-relaxation factors, etc.
Prior CFD studies are very useful for determining the solver settings that have worked
successfully for particular environments. FLUENT’s documentation also provides useful
guidelines when prior work is not available.

2.8.1 FLUENT-Recommended CFD Solver Settings for Thermal Energy Storage Vessels
When dealing with the study of transient natural and forced convection in a closed environment,
with an incompressible working fluid, FLUENT documentation recommends the following solver
settings:
•

Pressure-based unsteady implicit solver

•

Body Force Weighted or PRESTO! discretization of pressure

•

Second order discretization of convective terms (momentum, turbulence, energy)

•

PISO pressure-velocity coupling

•

User-defined under-relaxation factors and time step size to achieve convergence within
5-10 iterations per time step.

2.8.2 Prior CFD Studies of Thermal Energy Storages
Despite having found few prior works of turbulence modeling of TES, there exists a breadth of
prior CFD studies assuming laminar operating conditions. Many of these works illustrate the
applicability of the solver settings already recommended in FLUENT's documentation.
The work of Shah and Furbo [22], for instance, studied the effect of inlet geometry for several
vertical thermal storage tank designs. The PISO pressure-velocity coupling was used, along with
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Second Order Upwinding for convective terms. The work of Consul et. al. [23] studied the
thermal stratification performance of a horizontal thermal storage tank, similar in geometry to the
STTS tanks. Second Order discretization of convective terms was also chosen in that study. The
FLUENT-recommended convergence criteria were applied, although the solution was truncated
when the mass flux balance between the inlet and outlet ports came to within 1%. The work of
Chung et. al. [24] examined the effects of inlet geometry in a rectangular thermal storage tank. As
in the prior works, the PISO pressure-velocity coupling was chosen and no special mention was
made to show that convergence criteria, or any other solver settings, were different than those
recommended in FLUENT’s documentation. In the previously described work of Panthalookaran,
the CFD solver settings were as follows: segregated pressure-based solver with implicit unsteady
time formulation, pressure discretization using Body-Force-Weighted scheme, Second Order
upwind discretization of all other terms (i.e., momentum, turbulence, and energy), PISO pressurevelocity coupling method, default convergence criteria (as assigned by FLUENT). A new work
by Andersen et. al. [25], which correlates CFD simulations of thermal energy storages with
Particle-Imaging Velocimetry measurements also used solver settings that are in agreement with
the above studies and documentation.
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Chapter 3
Validation of a CFD Model of the Drake Landing STTS tanks
3.1 Introduction
This section outlines the process that was followed to generate a working CFD model of the
STTS tanks, and discusses the results.

3.2 CFD Modeling Procedure
FLUENT's documentation lists the general steps that should be followed to develop and test a
proper CFD model [26]. The documentation also provides guidelines for measuring and
improving the model's accuracy.
The following is a summary of the procedures that were followed to develop a validated CFD
model of the Drake Landing STTS tanks:
1) Construct a CAD model of the STTS tanks using FLUENT's pre-processor program,
GAMBIT [50].
2) Use GAMBIT to produce a volume mesh from the CAD model.
3) Import the mesh into FLUENT, and assign appropriate solver settings for analysis.
4) Review experimental data, and determine the necessary boundary conditions for a CFD
validation study.
5) Simulate the model in CFD, and compare simulated temperature readings with measured
data.
6) Select a different turbulence model (see Chapter 2.6), re-simulate, compare temperature
readings once again, and determine the most appropriate turbulence model for further
analyses.
7) Refine the volume mesh geometry, simulate the model using the most appropriate
turbulence model, and check for grid independence.
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3.3 Grid Development
For the validation study, it was appropriate to run a full solar charging simulation of both STTS
tanks and compare results to experimental data. For this test, the connector pipe between each
tank was neglected. Instead, a direct numerical link between the connector pipe’s end points was
assumed (i.e., uout, Hot tank = uin, Cold tank, etc.).
Given the proximity of the STTS tanks’ inlet and outlet ports to the tanks’ horizontal centerline, it
was possible to assume symmetry within each tank (see Figure 3.1). This allowed for significant
computational savings by reducing the total cell count by half.
To construct a structured hexahedral volume mesh of the STTS tanks, it was necessary to first
establish a set of surface meshes within a single Cartesian plane. The cylinder caps were chosen
as the source faces for this operation, and the volume mesh was extruded from meshes at these
surfaces, shown in Figures 3.1 and 3.2. A boundary layer was applied to all wall surfaces during
meshing. Minimum boundary layer grid thickness ranged from 1 mm (within the inlet/outlet
ports) to 5 mm (along the baffle and tank walls). A size function was incorporated to gradually
increase the volume of the cells downstream of the inlet/outlet ports. This is shown in Figure 3.3.
At the most dense regions of the grid, the cell dimensions were 5 mm x 5mm x 10 mm. At the
coarsest region, the cell dimensions were in the order of 50 mm x 75 mm x 150 mm. Overall, the
areas of dense meshing reflected the probable regions of complex, turbulent flow (i.e., near the
inlet and outlet ports).
A total of three meshes of the Drake Landings STTSs were constructed, two for the Hot tank, and
one for the Cold tank. Mesh characteristics are available in Table 3.1. Grid independence would
be examined by comparing simulation results between the two Hot tank meshes.
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Figure 3.1.

Mesh of STTS Hot Tank

Figure 3.2.

Mesh of STTS Cold Tank
(140,156 cells)

(141,865 cells)

Figure 3.3. Size Functions applied during meshing (Hot Tank shown)

Table 3.1. Characteristics of developed STTS tank meshes

Mesh ID

Number of
Cells

Grid Dimensions
(# of faces at cylinder end cap) x
(# of nodes along cylinder's length)

Equiangle
skewness
(% of cells
below 0.5)

HotA

141,865

1585 x 90

99.17%

HotB

235,005

2115 x 111

99.59%

ColdA

140,156

1496 x 94

99.74 %
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3.4 Summary of Solver Settings
The solver settings chosen for this analysis were based heavily on the prior works of others, in
addition to special recommendations from the FLUENT documentation. This has all been
discussed in Chapter 2. Some of the model properties, such as the under-relaxation factors and
appropriate time-step size, required not only literature recommendations but also a certain degree
of trial-and-error. The following is a list of the solver settings that were eventually chosen for the
validation study:
•

Double-precision, segregated 1st-order pressure-based coupled solver with unsteady time
formulation

•

Body Force Weighted discretization of Pressure

•

Second Order Upwind discretization of Momentum, Turbulence, and Energy.

•

Pressure under-relaxation factor of 0.9, Momentum under-relaxation factor of 0.2,
default values for all other components

•

PISO Pressure-Velocity coupling with neighbor correction

•

Polynomial correlation used to define temperature-dependent material properties (i.e.,
density) Thermodynamic data provided by the textbook of Moran and Shapiro [27].

•

Default residual values for solution convergence criteria

The “default” convergence criteria are found in FLUENT's documentation. Another requirement
for solution convergence was a mass flux balance in the order of 2% between the inlet and outlet
ports. The solution time-step size was gradually increased from 0.1 s to 1.5 s. This increase was
conducted over a period of around 40 time steps. The maximum time-step size,
1.5 s, was determined after initial trial and error. This was found to be the value that provided
fastest solution convergence within 10 iterations.
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3.5 Resources Available and Parallelization
All simulations were conducted using FLUENT’s Parallel Solver. Two Microsoft Windowsrunning PCs were required; one acting as the host processor, the other serving the parallel nodes.
Intercommunication was provided through a Gigabit ethernet link. Eight parallel nodes were
assigned to the node PC, which operated with 2 x 2.8 Ghz Quad-core Intel Xeon processors and
2GB of RAM. All simulations were parallelized in linear segments along the length of the STTS
tanks. This was done to minimize the number of cell interfaces between each parallel node. The
parallelization routine was provided by FLUENT's automated parallel pre-processor.

3.6 Boundary Conditions and Experimental Data
As this work is intended to examine the solar charging performance of the STTS tanks,
experimental data representing such conditions were used for the validation study.
The set of data chosen for this validation study was gathered on October 23rd, 2007. During that
day, the STTS tanks stored energy from the solar collector loop only. With pre-stratified
conditions in the early morning (from 41.7°C at the bottom of the Cold Tank to 50.9°C at the top
of the Hot tank), the STTS tanks exhibited a temperature and flow rate profile illustrated in
Figure 3.4. The total charging duration lasted approximately 6 hours.

Figure 3.4.

Transient profile of inlet temperature and mass flow rate during solar charging
of the STTS tanks (Data for: October 23, 2007)
30

To translate the transient nature of the inlet temperature and flow rate into terms that FLUENT
can understand, curve-fit polynomials representing the data were generated using Microsoft
Excel’s “Trendline” function [51]. These time-dependent polynomials were then incorporated
into a User-Defined Function (UDF), a C++ algorithm which FLUENT uses to automatically
modify the boundary conditions during the simulation. See Appendix B for an example.
Given incompressible conditions, the STTS tank outlets were modeled as velocity-inlet surfaces,
but with negative velocity equal in magnitude to its inlet counterparts. The pre-stratified
conditions in the STTS tanks were taken into account during model initialization. Otherwise, the
tank walls were considered adiabatic (see Appendix A), and the interior baffles were modeled as
thin steel surfaces.

3.7 Simulation and Results
The first set of CFD simulations assessed the
accuracy of the turbulence models discussed in
Chapter 2.6. These simulations were done only
for the STTS Hot tank. The resulting temperature
profiles are presented in Figures 3.5 to 3.7. The
turbulence model that provided the best results
was chosen for the grid sensitivity analysis. The
error bars shown in Figures 3.5 to 3.7 indicate the
estimated error of the experimental temperature
measurements (see Chapter 1.3).
Figure 3.5.

Grid independence was assessed using a root

Simulated and measured
temperatures

mean square error (RMSE) based approach, with
Hot Tank - Top Sensor

results given in Table 3.2.

(October 23, 2007)
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Figure 3.6.

Figure 3.7.

Simulated and measured temp's

Figure 3.8.

Simulated and measured temp's

Hot Tank - Mid Sensor

Hot Tank - Bottom Sensor

(October 23, 2007)

(October 23, 2007)

Simulated and measured temp's

Figure 3.9.

Simulated and measured temp's

Cold Tank - Top Sensor

Cold Tank - Mid Sensor

(October 23, 2007)

(October 23, 2007)
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Figure 3.10.

Simulated and measured temp's
Cold Tank - Bottom Sensor
(October 23, 2007)

Table 3.2. Measurement accuracy of the examined CFD models using an RMSE-approach

Turbulence
model

RMSE
(+/- °C)

NRMSE
(+/- %)

| TActual – TCFD | MAX
(°C)

K-ε, realizable

0.429

3.60

1.24

K-ε, RNG

0.519

4.35

1.54

K-ω, SST

1.009

9.25

2.21

HotB

K-ε, realizable

0.421

3.54

1.21

ColdA

K-ε, realizable

0.555

3.75

1.57

ID

HotA

3.8 Discussion
It is evident that of the turbulence models examined, results from applying the realizable K-ε
model most closely matched those retrieved experimentally. Fortunately, this in good agreement
with the findings of Panthalookaran and Andersen, and continues to support the applicability of
the K-ε realizable model for the study of thermal energy storage vessels.
In terms of grid independence, there was no distinguishable improvement to the simulations when
incorporating the finer, HotB, mesh – which also considered boundary layer refinement (see
Table 3.2). Computational expense for all of the HotA tests was in the order of 16 to 20 hours per
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simulation. In contrast, the finer HotB mesh required over 40 hours to complete the simulation
and offered only a marginal improvement to the model’s accuracy. Therefore, the grid
dimensions and cell count for the STTS Cold tank (mesh ColdA) were closely matched to the
HotA mesh. Only the K-ε realizable model was employed to simulate the ColdA mesh. Results for
the simulation of the STTS Cold tank are illustrated in Figure 3.5 and the comparison of error
provided in Table 3.2 illustrates that a reasonable degree of numerical error was also achieved.
Despite the acceptability of the results when compared to experimental error, there is still
evidence to show that turbulent mixing is generally over-predicted in all of the simulations
conducted. This is evident by a general under-prediction of the hottest temperature in the Hot
tank, and a general over-prediction of the coldest temperature in the Cold tank. There may be a
number of reasons for this, notwithstanding the approach taken to model the near-wall region.
Although the treatment of the turbulence models near walls has always been important [26], none
of the observed CFD (turbulent) studies of thermal energy stores [18, 25] discuss any special
considerations for near-wall turbulence effects. This may be due to the fact that correct prediction
of low-Re effects often requires a considerable increase in the size of the mesh near walls [17].
For a thermal energy storage tank, this increase would make a transient CFD analysis
computationally expensive without significant resources. Another reason for the lack of
documented discussion of wall treatments may be based on the reasonable assumption that the
salient fluid mechanics of thermal energy stores occur primarily in the free-shear region away
from walls. In this study, given that the results of using the K-ε realizable model are within the
region of experimental error, a reasonable level of accuracy is deemed achieved. Therefore, the
modeling properties (and grid generation procedures) selected for the simulation of the HotA and
ColdA meshes will also be used for the performance characterization section of this work.
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The results of the validation study can also help to illustrate the stratification issues that were
observed by the DLSC’s engineers, as discussed in Chapter 1.4. Figures 3.11 and 3.12 illustrate
the temperature and velocity contours within the STTS “Hot” tank, taken halfway into the
simulation at (t = 3 hours, or t* ≈ 0.5). The results correspond to the simulation incorporating the
K-ε turbulence model, which was found to be most appropriate to this work.

Figure 3.11.

Temperature profiles within the STTS "Hot" Tank taken at 3 hours into charging.
October 23, 2007 conditions. (Simulated using the K-ε turbulence model, HotA
mesh)

Figure 3.12.

Velocity profiles within the STTS "Hot" Tank taken at 3 hours into
charging. October 23, 2007 conditions. (Simulated using the K-ε turbulence
model, HotA mesh)
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Figure 3.11 clearly illustrates that the uniform temperature of the fluid above the baffle - which is
lower than the inlet temperature - is an indicator of poor thermal stratification. This confirms the
observation of the DLSC’s engineers, who used experimental temperature measurements to
conclude that internal mixing was prevalent. As will be discussed in the following chapter,
thermal stratification is a desirable feature of thermal energy storage vessels. The design of an
alternative STTS tank concept which can produce good thermal stratification results under similar
charging conditions will be examined later in Chapter 5.
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Chapter 4
Characterizing the Design and Performance of
Thermal Energy Storages
4.1 Introduction
Most liquid thermal energy storage vessels require the ability to receive, store, and discharge
sensible heat in an efficient manner. They must also minimize thermal losses, such as heat lost to
their surroundings, and internal mixing. This latter trait is particularly important, given that a
number of studies, discussed in the following sections, have illustrated that the presence of
internal mixing in thermal storage vessels can significantly affect thermodynamic system
perfomance. As a result, most liquid thermal energy storages are designed to operate as stratified
thermal energy stores. This is characterized by a buoyancy-governed thermal gradient (or
thermocline) that maintains, if possible, an ideal separation between hot and cold fluids in all
stages of operation (i.e., charging and discharging).
In reality, most thermal energy stores operate with some degree of thermal mixing. This can be
caused by numerous mechanisms, such as molecular thermal diffusion at the thermocline,
buoyant mixing generated from heat loss at the boundary, mixing due to inlet and outlet plumes,
as well as other causes [18]. Numerous studies have established, however, that during the critical
stages of the charging/discharging processes, thermal mixing due to inlet plume entrainment has
the greatest effect on reducing thermal stratification [22, 28-31].
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4.1.1 A Brief History of Thermal Energy Storage Characterization Methods
Although the purpose of TES characterization schemes has always been to shed light on the
thermodynamic performance of a particular TES design, the means to do such an assessment have
varied over the past decades. In the 1970s, most of the budding research into thermal energy
storage design relied on empirical results to characterize TES performance. Characterization
would be based on the evaluation of dimensionless numbers or indices [32]. For example, the
Grashof Number and Reynolds Number (together forming the Richardson number) were often
calculated in an effort to develop a correlation between the experimental boundary conditions
(i.e., inlet flow rate) and the thermal stratification performance [33-35]. It was recognized earlyon that the implementation of thermally stratified storage vessels (as opposed to mixed vessels)
would inadvertently increase a system’s thermodynamic efficiency [36], although this conclusion
was based primarily on empirical evidence and not thermodynamic theory.
Following the evolution of personal computers in the beginning of the 1980s, it became possible
for engineers to practically model the operation of a thermal storage vessel numerically. Early
models were developed solely on the principles of the First Law of Thermodynamics [32], which
concerned only the net flow of energy into and out of a system. In other words, the First Law
stated that the better design between two thermal energy storages would be the one which, for the
same amount of thermal fluid input, could store more energy [27].
The relationship between thermodynamic efficiency and stratification was quantitatively
established in a ground-breaking work by Bejan in 1979 [37]. Bejan stated that the principle
objective of a thermal storage is not to store energy, but to store useful work or exergy. This is a
property that is explained by the Second Law of Thermodynamics, which addresses the
generation of entropy and resulting irreversibilities [27]. It is the inclusion of exergy in TES
analysis that allows one to quantitatively measure the influence of thermal stratification and
incorporate it into an overall assessment. As a result, most recent TES characterization indices
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have been developed from a purely Second Law approach or a combined Second Law and First
Law scheme.
However, despite this evolution in TES characterization methodology, it was stated in a 2004
study by Rosen [38], and recalled as recently as 2007 [18], that: “at present, no valid and
generally accepted standards have been established for comparison of the performance of
stratified thermal energy storage systems.” This work highlights the statement by Rosen as
several Second Law characterization indices are to be applied in the analysis of the Drake
Landing STTS tanks.

4.1.2 An Analogy to the Two Laws of Thermodynamics
To differentiate between the quantitative principles of the First and Second Law of
Thermodynamics, with respect to thermal energy storage vessels, an analogy is illustrated in
Figure 4.1. Let us assume that two tanks, which possess four litres of water each, receive 500 kJ
of heat. In the first tank, the heat is evenly mixed about the tank, whereas in the second tank the
heat is delivered only to the fluid in the upper half of the tank and remains stratified. We will
assume that the tank walls are adiabatic.
The equations governing the energy, Estore, and exergy, ξstored, contents are:

Ein = E stored = mheated c p (T − T0 )

(4.1)

⎛T
⎝ T0

ξ stored = m heated c p (T − T0 ) − m heated c p T0 ln⎜⎜

⎞
⎟⎟
⎠

The temperature, T, is the temperature achieved after receiving thermal energy. The mass of the
heated volume is mheated. We will assume that the tanks are initially uncharged at 20°C (T0) and
are required to deliver stored energy (i.e., provide work) at a temperature of at least 40°C (Tref).
Water is the working storage medium (cp = 4.182 kJ/kg-K).
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(4.2)

500 kJ
of Heat

4 Litres
(approx. 4 kg)

500 kJ
of Heat

Resulting
Temperature:
Ein = E stored = 500 kJ

2 Litres
(approx. 2 kg)

= mheated c p (T − T0 )

20 °C

500 kJ
( 4 kg )( 4.182 kJ / kg ⋅ °C )
+ 20 °C

T=
20 °C

2 Litres
(approx. 2 kg)
20 °C

T = 49.76 °C

Resulting
Exergy:
ξ stored = mheated c p (T − Tref )
− mheated c pT0 ln( T

49.76 °C
(322.91 K)

4L

Figure 4.1.

Tref

79.52 °C
(352.67 K)

)

2L

= mheated c p (T − T0 )
T =

500 kJ
( 2 kg )( 4.182 kJ / kg ⋅ °C )

+ 20 °C
T = 79.52°C

Resulting
Exergy:
ξ stored = mheated c p (T − Tref )
− mheated c pT0 ln( T

Tref

)

= (2)(4.182)(352.67 − 313.15)

= (4)(4.182)(322.91 − 313.15)
⎛ 322 .91 ⎞
− (4)(4.182)(313.15) ln ⎜
⎟
⎝ 313.15 ⎠
= 2.49 kJ

Resulting
Temperature:
Ein = E stored = 500 kJ

20 °C
2L

⎛ 352.67 ⎞
− (2)(4.182)(313.15) ln ⎜
⎟
⎝ 313.15 ⎠
= 19.255 kJ

The energy and exergy differences in storing a given sum of energy in a fullymixed and stratified thermal storage vessel

Based on the First Law alone, we cannot distinguish between the storage tanks above. Both
clearly contain the same amount of stored energy. However, one can see that the stratified tank
has a significantly greater potential to perform work when compared to an environment at 40°C.
Of even greater significance is the realization that if the required delivery temperature would be
greater than 49.76 °C, the fully-mixed tank would serve no useful purpose as a source of thermal
energy. This observation is the basis of Bejan’s study [37], which highlights the importance of
exergy-based analysis.
The importance of exergy and thermal stratification is no less relevant to the Drake Landing Solar
Community. For example, during the summer months, the STTS tanks are supposed to receive
heat from the solar collectors during the daytime, and transfer this energy underground (over a 24
hour period if possible). The key limitation to the continuous operation of the ground storage loop
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is that the required ground storage temperature reaches up to 80 °C towards the end of summer.
As it is known that the STTS tanks exhibit a considerable amount of thermal mixing during
charging cycles [12], in such cases the ground storage system must wait until the average tank
temperature is high enough to be useful. This results in a certain amount of dead-time where the
ground storage loop cannot operate, even though high temperature would be theoretically
possible if thermal stratification were occurring.
There are also many other system-wide benefits to thermal stratification that pertain directly to
the operation of solar water heating systems, described in the work of Hollands and Lightstone
[39]. What is uniformly agreed upon is that thermodynamic systems benefit when thermal energy
is stored at the highest temperature possible, a factor which is determined by incorporating the
Second Law of Thermodynamics into performance characterization analysis.

4.2 Energy and Exergy Balances of Thermal Energy Storages
This section describes the methods employed in this study to measure the energy and exergy
balances with a thermal energy storage vessel. Figure 4.2 shows a schematic of a horizontal
sensible TES with water as the storage medium. The heat losses and internal mixing associated
with the tank’s operation is also illustrated. If we are able to discretize the TES into a grid that is
sufficiently dense (which is the nature of CFD analysis), we can extract a fluid element at any
position which has a characteristic mass, mi, and uniform temperature, Ti.
As previously mentioned, the energy and exergy content of each fluid element is calculated based
on a “dead state”, which characterizes the target environment of the thermal energy stored in the
vessel. The temperature of this reference environment can vary depending on the application. As
a rule-of-thumb, a number of studies have chosen the initial tank temperature as the dead-state
condition [18, 22, 40].
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The energy balance during the charging and discharging processes is governed by the First Law
of Thermodynamics, (the conservation of energy equation). Therefore, at any time, t, the rate of
increase or decrease in stored energy is:

E& stored (t ) = E& in (t ) − E& out (t ) − E& lost (t )

(4.3)

One can also determine the total amount of stored energy at any time:
t

∫ E&
0

in

t
t
t
(t ) dt − ∫ E& out (t ) dt = ∫ E& stored (t ) dt + ∫ E& lost (t ) dt
0

0

(4.4)

0

When dealing with adiabatic systems, Elost can be neglected. This allows for the energy stored
within a TES to be calculated from knowledge only of the inflows and outflows.

E& in ( m& in , Tin , T0 )

ξ&in ( m& in , Tin , T0 )

• Boundary energy losses to
the environment, E& lost

E& out ( m& out , Tout , T0 )

ξ&out (m& out , Tout , T0 )
• Internal irreversibilities due to
mixing at the inlet, conduction
between internal surfaces, and
thermal diffusion

• Fluid element with
characteristic mass, mi
and temperature, Ti.

• Convective heat transfer at
internal boundary wall
generates mixing eddies
resulting in a destruction of
exergy, ξ&destroyed , boundary

ξ&destroyed , mixing
Figure 4.2.

Conceptual diagram of a liquid sensible TES showing energy and exergy
inflows/outflows

Exergy can be characterized as the maximum theoretical work that is achieved from the change in
kinetic energy, potential energy, internal energy, volume, and entropy as a system is opened to a
reference environment [27]. Kinetic and potential energy effects are usually ignored when the
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system and environment are already at rest with respect to each other. In addition, for
thermodynamic systems with an incompressible working fluid, the work associated with a change
in volume is also ignored. Thus, the exergy content of the incompressible fluid element in Figure
4.2 is:

ξ i = ΔEi − T0 ΔS i = mi c p (Ti − T0 ) − mi c p T0 ln

⎡
⎛
T
Ti
= mi c p ⎢Ti − T0 ⎜⎜1 + ln i
T0
T0
⎝
⎣

⎞⎤
⎟⎟⎥
⎠⎦

(4.5)

The exergy stored within the entire TES at any time can be determined by the summing the value
of each fluid element. Therefore, for a TES that has been discretized into N number of fluid
elements:
N

N

⎡

⎛

i =1

i =1

⎣

⎝

ξ stored (t ) = ∑ ξ i = ∑ mi c p ⎢Ti − T0 ⎜⎜1 + ln

Ti
T0

⎞⎤
⎟⎟⎥
⎠⎦

(4.6)

The rate at which the stored exergy changes can be determined if measurements are taken at
appropriate time steps, ∆t, whereby:

ξ&stored (t ) =

Δξ stored (t ) ξ stored (t ) − ξ stored (t − Δt )
=
Δt
Δt

(4.7)

Although exergy is not conserved in a given system, the balance of exergy within the system can
still be measured by monitoring the stored exergy as well as the exergy inflows/outflows:

ξ&in (t ) − ξ&out (t ) = ξ&stored (t ) + ξ&lost (t )

(4.8)

t

t

t

t

0

0

0

0

∫ ξ&in (t ) dt − ∫ ξ&out (t ) dt = ∫ ξ&stored (t ) dt + ∫ ξ&lost (t ) dt

(4.9)

The rate at which exergy is destroyed is dependent on a number of factors. In a liquid thermal
energy store, exergy is destroyed through internal mixing attributed to the inlet geometry.
Another contributing factor to exergy destruction is experienced at the TES wall boundary, where
local cooling at the inner surface develops a naturally-convecting plume. This plume propagates
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and entrains itself into the surrounding fluid [41]. As this is solely dependent on the material
properties of the TES boundary and whether or not adiabatic conditions can be assumed, it is
worthwhile to distinguish between these two sources of exergy destruction:

ξ&out (t ) − ξ&in (t ) = ξ&stored (t ) + ξ&lost ,mixing (t ) + ξ&lost ,boundary (t )

(4.8)

The exergy inflows/outflows can be measured in a similar manner as the energy inflows/outflows.

4.3 Overall Guidelines for an Ideal Thermal Energy Storage Tank
What is evident throughout the works reviewed in the prior sections is that an ideal thermal
energy storage vessel must be able to store both energy and exergy effectively. In other words, a
TES must adhere efficiently to both the First Law and Second Law of Thermodynamics. This can
be represented by three distinct goals, whereby an ideal thermal energy store will:
•

Ensure that no thermal energy is lost to its environment;

•

Ensure that no mixing occurs as fluid is transferred to and from the thermal energy
store;

•

Ensure that the outflows during charging and discharging consistently extract from
the coldest and hottest regions of the TES, respectively.

4.4 Thermal Storage Characterization Indices
The current state-of-the-art characterization methods for thermal energy storages employ scalar
indices that incorporate the First and Second Laws of Thermodynamics. Whereas the First Law of
Thermodynamics can be used to illustrate whether a TES is energy efficient, the Second Law of
Thermodynamics can describe the TES’ stratification efficiency.
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4.4.1 First Law Characterization
As previously discussed, the early techniques for assessing thermal storage effectiveness
incorporated only the First Law of Thermodynamics. Given that it has always been relatively
easy to measure or model First Law properties, there has not been a notable evolution in the stateof-the-art First Law characterization methods since their development in the 1970s.
The most common approach is to compare the energy balance of a real TES with one that is
operating ideally. First, consider the energy balance of a given thermal energy storage vessel:

E& stored (t ) ≈ E& in (t ) − E& out (t ) − E& lost (t )
≈ m& in c p (Tin − T0 ) − m& out c p (Tout − T0 )

(4.9)

We assume adiabatic conditions and we also assume that min ≈ mout, given that the working fluid
is water (i.e., incompressible). As a result:

E& stored (t ) = m& in c p (Tin − Tout )

(4.10)

The comparison of a real TES to an ideal one must reveal that:

(Tin − Tout ) ideal ≥ (Tin − Tout ) real

(4.11)

As Tin,ideal = Tin,real, the difference in eq. (4.11) is determined only by the outlet temperature of the
real tank.
A common Figure of merit to compare inflows and outflows of a real TES to a stratified TES is to
establish a ratio between the rates at which stored energy changes in each system [40, 42]. This
ratio has been described in literature under different guises. Most recently, the work of
Panthalookaran has called this ratio the Energy Response (ηER) [18, 42], whereby:

E&

(t )

T (t ) − T

(t )

in
out , real
η ER (t ) = & stored,real
=
Estored,ideal (t ) Tin (t ) − Tout ,ideal (t )

(4.12)
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4.4.2 Second Law Characterization
In a number of works evaluating Second Law TES characterization, there is agreement that an
ideal thermal energy store must operate, theoretically, with a minimum amount of (or zero)
irreversibilities. There is, however, little agreement as to the most effective manner to present the
comparison between an ideal and a real TES in this regard [18, 38]. One consideration has always
been that any characterization index must not only adhere to the governing theory, but must also
provide information that would simply be of use to a designer or engineer. Another consideration
has been the fact that Second Law characterization requires the ability to quantitatively assess the
complete temperature and mass distribution in a given TES. Only recently has it become possible
to do so efficiently, through the application of three-dimensional CFD analyses.
This study examines two prominent Second Law characterization indices that have been derived
and published in recent years, van Berkel’s exergy efficiency, ηVB, and Shah and Furbo’s exergy
efficiency, ηSh. Both indices make use of the CFD’s ability to measure exergy in a given
environment. These indices were recommended in the recent work of Haller et. al. [40], which is
one of the first comprehensive reviews of TES characterization indices and their respective
usefulness.
Shah and Furbo’s Exergy Efficiency
A recent, but well-cited method proposed by Shah and Furbo is to equate a ratio based on the
total exergy stored in a real TES compared to that of one operating ideally [43]:

η ξ , Sh (t ) =

Δξ stored ,real (t )

(4.13)

Δξ stored ,ideal (t )

Shah and Furbo’s index suggests that the worst-case scenario for a TES is one at which no exergy
is stored. It does not distinguish between a real tank and one that is fully mixed. Other authors
have suggested that it is useful to include limits to this equation by constraining the performance
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of a TES to lie between a perfectly stratified system as well as one that is fully mixed [40]. This is
the case of van Berkel’s index below.
Van Berkel’s Exergy Efficiency
In his 1997 PhD. thesis, van Berkel proposed a Second Law efficiency based on the ratio of
exergy destroyed in a real TES in comparison to fully-mixed and ideal (i.e., perfectly stratified)
vessels [44]:

η ξ ,VB (t ) =

Δξ lost ,mixed (t ) − Δξ lost , real (t )

(4.14)

Δξ lost , mixed (t ) − Δξ lost ,ideal (t )

Van Berkel’s index indicates that the exergy efficiency of a TES is based on the total exergy lost
during a charging or discharging cycle. However, as we know that an ideal TES should not have
any irreversibilities associated with its operation, van Berkel’s index can be further simplified.
This was indicated by Huhn (discussed and referenced in Haller et. al. [40]), who simplified van
Berkel’s equation as follows:

η ξ ,VB (t ) = 1 −

Δξ lost ,real (t )

(4.15)

Δξ lost ,mixed (t )

Van Berkel’s index suggests that the total exergy destroyed during the operation of a real TES
must not be greater than that of a TES operating under fully-mixed conditions.

4.4.3 A New Second Law Characterization Index
In the Second Law characterization methods listed above, “effectiveness” is expressed in terms of
the total exergy stored or lost in a real TES, with comparison to an ideal and/or mixed system.
Although this is useful when assessing the overall performance of a complete simulation, the
indices are not particularly suited to highlight instantaneous mixing effects. Specifically, they are
not able to indicate at which point turbulent mixing effects become negligible, or vice versa,
during a given experiment.
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This work proposes a new index deemed the Exergy Charge Response (ηξCR), presented in eq.
(4.16). It is based on the index established by van Berkel, but examines the rate at which the
exergy in a TES is destroyed. We assume that the rate of exergy lost can be calculated per time
step, ∆t:

ξ&lost (t ) =

ξ lost (t +) − ξ lost (t − Δt )

(4.16)

Δt

The Exergy Charge Response is therefore:

η ξCR (t ) = 1 −

ξ&lost ,real (t )
ξ&lost ,mix (t )

(4.17)

The information conveyed by the Exergy Charge Response can be divided into three components:

η ξCR (t ) ≈ 1

The TES is operating under ideal, stratified conditions. Mixing is
insignificant.

0 ≤ ηξCR (t ) < 1

Some degree of internal mixing is evident, increasing as ηξCR → 0.

ηξCR (t ) < 0

Mixing effects may be significant, and/or flow is short-circuited between
the inlet and outlet (to be discussed in Chapter 6).

The overall purpose of the Exergy Charge Response is to specifically demonstrate the transient
effects of mixing as opposed to describing total effects, as will be discussed in Chapter 7.3. It will
also become apparent that the Exergy Charge Response is not meant to replace the existing
characterization indices, but instead it simply offers an added degree of useful information under
certain conditions
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4.5 Inlet Geometry Characterization using the Richardson Number
In the early work on thermal storage design by Lavan and Thompson [34], an empirically-derived
design criteria for thermal energy storage vessels was established. Lavan and Thompson
determined that the relationship between a TES’ geometry and its ability to thermally stratify
fluid could be assessed by way of the Richardson Number, itself a ratio of the Grashof and
Reynolds Number, whereby:

Gr =

Re =

Ri =

gβ (Tin − T0 ) H 3 buoyancy forces
=
viscous forces
v2
u in D
v

=

(4.18)

inertial forces
viscous forces

(4.19)

( ρ − ρ in ) gH buoyancy forces
Gr
= 0
=
2
inertial forces
Re
ρ u in 2

(4.20)

The equation for the Richardson Number shown above is taken directly from the work of Zurigat
and Ghajar, who applied the Ri for various TES configurations [29]. The key variables, H and u,
represent the vertical distance between the inlet and outlet ports and the inlet fluid velocity
respectively. While ρin represents the corresponding density of the inlet fluid, ρ0 is the initial
density of the stored fluid, and ρ is the mean of both values.
Since the work of Lavan and Thompson, most studies applying the Richardson number to the
performance of thermal energy storage vessels have indicated that the inlet geometry of a TES
operating at very high Ri is less likely to affect thermal stratification performance [22, 28, 29, 34,
35]. This is naturally due to the dominance of buoyancy forces at high Ri. In an effort to develop
design standards, many authors have experimented with various TES designs to determine a
critical Richardson Number upon which a TES’ inlet geometry becomes important. This critical
value is not unlike the critical Reynolds number describing laminar and turbulent flows. For
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horizontal thermal energy stores, such as that employed at Drake Landing, the work by Zurigat
and Ghajar suggests that thermal stratification is not affected by inlet geometry at Richardson
numbers above 3.6 [45]. However, other experiments by Zurigat et al. [28, 31], as well as those of
Lavan and Thompson [34] and van Berkel [46], suggest that the critical Richardson number
should generally lie between 10 and 20, above which mixing due to the inlet geometry can be
fully ignored.
The empirical recommendations of the Richardson Number may be useful for TES design
engineers. For instance, if we account only for the Richardson number, we can outline the very
basic design guidelines for a thermal energy store that would minimize mixing at the inlet:
These are:
•

The inlet velocity must be very low

•

The inlet temperature must be very high compared to the initial temperature of the fluid
within the storage vessel

•

The distance between the TES inlet and outlet ports must be maximized

The Richardson Number equation indicates that a change in the inlet velocity will offer the
greatest change to the Richardson Number. Despite this, it is not always possible to change a
TES’ inlet velocity due to system performance considerations. For example, high flow rates in
solar water heating applications can usually improve solar collector efficiency and the overall
heat removal factor [39].
It should be recognized, however, that the inlet velocity is only a product of the inlet port
dimensions and the mass flow rate of the fluid entering the tank. Therefore, a feasible way to
increase the Richardson Number without significantly affecting system performance would be to
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introduce inlet diffusers and flow distributors which ultimately reduces the plume entrainment
velocity.
The study of inlet diffusers/manifolds and flow distributors for thermal energy stores is therefore
well documented [22, 24, 25, 30, 31, 47] . One can conclude that the goal of any such device is to
reduce the associated Richardson Number of a TES’ charge/discharge cycle in a cost effective
manner without affecting the design and operation of the thermal system as a whole.

4.5.1 Employing the Richardson Number as a Design Tool
In the case of thermal energy storages with diffusers and flow distributors, special consideration
must be made to the Richardson Number equation defined earlier. For example, examine the
simple horizontal TES in Figure 4.3.

Characteristic Inlet Cross-section:
Volumetric flow rate, (AV)in
Cross-sectional area, Achar

Height, Hchar

Characteristic Outlet Cross-section

Figure 4.3. Cut-away view of a typical horizontal thermal energy storage vessel

The Richardson Number, in effect, describes the general shape, position, and velocity of the inlet
plume/jet at its onset. We modify the initial Ri equation to better reflect this:
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Richar =

ΔρgH char Achar

2

(4.21)

ρ m ( AV ) in 2

This interpretation of the Richardson Number distinguishes between the charging/discharging
flow rate, which is potentially fixed, and the inlet cross-sectional area, which will determine the
inlet velocity. This is particularly useful for assessing the merits of flow distributors and diffusers,
such as those illustrated in Figures 4.4.

Increased
Characteristic
Height, Hchar
Increased
Characteristic
Cross-sectional
Area, Achar

Figure 4.4. Typical horizontal thermal storage vessels with simple flow distributors and diffusers

This interpretation of the Richardson number requires an assumption that any diffuser design,
such as that illustrated in Figure 4.4, will distribute the flow evenly without incurring backflow. It
is understood that this may not always be applicable, particularly for complex diffuser/flow
distributor designs. This will be further explored in the Chapter 7. In the next chapter, the
modified Richardson number equation (eq. 4.21) will be used as a basic tool for creating
alternative designs of the Drake Landing STTS as a result of modifications made to the inlet
geometry.
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Chapter 5
Alternative Designs of the Drake Landing STTS Tanks
5.1 Introduction
To characterize the effectiveness of the current STTS tank design, it would be useful to compare
the STTS tanks' performance to potential alternative concepts. In this chapter, these concepts are
presented and discussed. The corresponding meshes for CFD analysis are also presented and
discussed. Performance characterization of the STTS tanks and alternative concepts will be done
in Chapter 6 after a set of CFD simulations.
It should be noted that the alternative concepts described in this chapter were the result of one key
design constraint. That is, the general shape and volume of the STTS tank concepts must remain
unchanged. Therefore, this work may be useful material for those wishing to assess the
performance of large, horizontal thermal energy storage vessels.

5.2 Concept Development
Six alternative concepts of the STTS tanks are presented and studied in this work. The initial
basis of their design stems from the results of equating the characteristic Richardson Number (see
eq. 4.21) under variable geometry. Their final design is the result of combining the Ri-derived
recommendations with practical considerations.
Although the designs were created with the goal of optimizing thermodynamic performance
during solar charging cycles, the ability for the concepts to discharge fluid efficiently has also
been loosely considered. This is evident in their final designs, which are illustrated in Figures 5.1
to 5.8.
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5.2.1 Richardson Number Characterization Study
To apply the Richardson Number as a basic design tool required a generalized operating
condition for the solar charging cycle. The Drake Landing Sequence of Operation manual
provided the basis for this assessment. As the manual is not publicly available, it is referenced as
private correspondence with DLSC engineers [12]. The manual indicates that that the desired
discharge temperature from the STTS tanks into the underground seasonal storage loop is 80°C. It
is also clear that, optimally, thermal energy should be efficiently delivered to the STTS tanks at
the solar charging loop's maximum operating flow rate, which is approximately 14 L/s.
Therefore, for the Richardson Number characterization study, we assume constant charging
conditions of 80°C and 14 L/s, with an initial dead-state temperature within the STTS tanks of
20°C.
The Richardson Number characterization study involves three steps:
•

Evaluate the Richardson Number of the current STTS tank design under a set of solar
charging conditions

•

Observe the changes to the Richardson Number under the same conditions, but upon
implementing modifications to the inlet geometry.

•

Derive a set of basic inlet geometry specifications that are based on the Richardson
Number constraints for thermally-stratified storage vessels (i.e., Ri > 10; see Chapter 4.5)

Table 5.1 shows the results of the characterization study applied to the STTS tanks. The
Richardson Number was evaluated based on changes to the inlet port height and cross-sectional
area only. It was assumed that the inlet temperature and mass flow rate were fixed. The table
illustrates how an iterative approach can be used to determine the acceptable range of inlet
geometry conditions. Given the prevalence of mixing in the current STTS tanks, it is of no
surprise that the evaluate Richardson Number of the current STTS tank design is poor.
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Table 5.1.

Estimated characteristic Richardson Number based on changes to the inlet
geometry of the STTS tanks
(Constant flow rate: 14 L/s, Initial Tank Temperature: 20 ºC)
Achar

Design / Modification

Hchar

Current STTS
Hot Tank

1.67 m

Relocate
characteristic inlet to
the top of the tank
(i.e., maximize Hchar)

3.2 m

Increase
characteristic
inlet area by:

2x

3.2 m

4x

3.2 m

10x

3.2 m

20x

3.2 m

(including
equivalent
dimensions of
quadrilateral
surface)

0.0081 m2
(9 x 9 cm)

0.0081 m2
(9 x 9 cm)

0.0162 m2
(13 x 13 cm)

0.0324 m2
(18 x 18 cm)

0.081 m2
(28 x 28 cm)

0.162 m2
(40 x 40 cm)

Inlet Temperature:
30 °C

65 °C

80 °C

0.007763

0.09168

0.1409

0.01487

0.1757

0.27

0.0595

0.7027

1.08

0.238

2.811

4.319

1.487

17.57

27

5.95

70.27
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5.2.2 Description of Alternative Concepts
It is well understood that the current design of the STTS tanks does not favour the development
of thermally-stratified conditions. In fact, it is evident that internal mixing is the prevalent feature
of the tanks’ design under solar charging conditions. This was initially observed experimentally
[12] and was confirmed during the initial CFD simulations conducted in this work (see Chapter
3.8). In addition, the Richardson Number characterization study above also illustrates the poor
performance of the current STTS tank design in comparison to empirical recommendations.
If it is determined that the Drake Landing Solar Community would benefit from thermallystratified STTS tanks, then Table 5.1 offers suggested design modifications to improve the tanks’
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performance in this regard. The six alternative STTS tank designs, illustrated in Figures 5.1 to 5.5
and described on the following pages, are examples of applying the Richardson Number as a
design tool. Larger sketches, with appropriate dimensions, are provided in Appendix F.
Discharge
Outlet

Charge Inlet and
Discharge Outlet
Charge Inlet

Discharge
Inlet

Charge Outlet and
Discharge Inlet

Figure 5.1.

Charge
Outlet

Tank 1 - Original STTS tank

Figure 5.2.

Tank 2 - Repositioning of inlet
and outlet ports

design

Discharge
Outlet

Discharge
Outlet
Charge Inlet

Charge Inlet

Discharge
Inlet

Figure 5.3.

Charge
Outlet

Charge
Outlet
Discharge
Inlet

Tank 3 - Removal of center

Figure 5.4.

baffle

Tank 4 - Installation of upper
and lower baffles

The first three alternative concepts (Figures 5.2 to 5.4) represent evolutionary changes made to
the current STTS tank design (Figure 5.1). In the case of Tank 2, the goal is to increase the
characteristic height of the inlet. In the next iteration, Tank 3, the horizontal baffle in the center of
the tank is removed in an effort to examine the effect of the horizontal baffle with respect to the
inlet location. In Tank 4, two horizontal baffles, similar to the one currently in the STTS tanks,
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are added at the upper and lower regions
of the tank. In this case, the baffles are

Charge Inlet and
Discharge Outlet

installed to act as a flow diffuser. It is
hoped that the inlet fluid will evenly
Charge Outlet and
Discharge Inlet

distribute into the plenum encompassed
by the baffle, reducing its velocity

Figure 5.5.

Tank 5 - Horizontally-partitioned
STTS tank using vertical baffles

considerably before the flow penetrates

into the greater tank volume. The cross-sectional area of the plenums above and below the baffles
is 0.5637 m2. In reference to Table 5.1., this is well above 20x the original characteristic inlet area
and should produce good results upon examining stratification.
Figure 5.5 illustrates a horizontally-partitioned STTS tank concept, Tank 5. In this design, three
sets of vertical baffles are intended to separate the storage vessel into four nodes. This is a
relatively new configuration for thermal energy storages, and a definitive study of such
horizontally-partitioned designs is currently underway at Shanghai Jiao Tong University [48]. It
has been previously suggested that such configurations could be beneficial for large horizontal
thermal energy storages by minimizing the amount of time it takes to develop the initial
thermocline. It has also been suggested, however, that such concepts may be difficult to construct
[49].

5.2.3 Special Concepts to Deal with Variable Inlet Temperature Conditions
Given the complex nature of the DLSC’s operation, it is desirable that the STTS tanks are able to
stratify under variable temperature inlet conditions. In other words, the STTS should continue to
stratify if the fluid entering the tanks reaches a temperature that is lower than the hottest region in
the STTS. In such a case, the conventional Richardson Number recommendations cease to be
useful as we are now dealing with a potential inversion of the salient boundary forces.

57

Literature has illustrated that the best solution for variable temperature inflows is to install inlet
manifolds that reduce the velocity of the charging fluid. These manifolds allow the fluid to enter
the main storage volume at a temperature level equal to the incoming fluid [25, 30, 47]. The
design of such manifolds is complex and involves careful assessment of pressure gradients
afforded to inertial forces and buoyancy forces [31].
A basic approach to the design of inlet manifolds has been attempted here, and Figures 5.6 and
5.7 illustrate one possible STTS tank design incorporating such a device. The concept features
three assumed characteristics: 1) as the fluid enters the tank, it impinges into a narrow cavity
which is expected to mix the fluid thoroughly and reduce its velocity uniformly; 2) the fluid
reaches an opening near the top of the cavity where it exhausts uniformly into a second cavity at
low velocity (i.e., Ri >> 10 during ideal conditions); 3) the openings in the second cavity allow
the fluid to exhaust into the storage volume at a vertical level that is in accordance with the
density gradient within the main storage volume of the tank. In other words, the second cavity
acts as a barrier preventing entrainment and diffusion of the buoyant plume into the surrounding
fluid.
Discharge Outlet

Charge Inlet
Discharge Inlet
Charge Outlet

Figure 5.6.

Tank 6 - STTS tank concept
incorporating flow diffuser,
distributor, and lower baffle.

58

The basis for this particular concept stems
partially from the work of Shimizu and Fujita
(discussed in Rosen et. al. [49]). Again, a
simple approach has been taken which does
not assess internal pressure gradients. As it is
understood that pressure gradients play an
important role in the effectiveness of such
flow distributor manifolds, this should be
taken into account in future examinations of
this work.

Another approach to addressing the

Figure 5.7.

Secondary view of Tank 6 STTS
tank concept

problems posed by variable temperature
inflows is to incorporate an external mixing

Discharge Outlet

valve that directs flow to a secondary inlet
port. This port is placed in a better position

Charge
Inlet 1

to reduce mixing in circumstances of the
variable inlet temperature. Such a concept
is illustrated in Figure 5.8, where fluid

Charge
Inlet 2

Charge
Outlet

Discharge
Inlet

would be directed to “Charge Inlet 2” only
in the cases when the mean temperature of

Figure 5.8.

Tank 7 - Addition of secondary inlet
coupled with external mixing valve

the fluid above the port would be greater
than the inlet temperature.

59

5.3 Meshing of the New STTS Tank Concepts
The meshing of the alternative STTS tank concepts was done using the same program (GAMBIT)
and procedure as outlined in Chapter 3. An illustration of the additional meshes produced for this
study are illustrated in Figures 5.9 to 5.14.

5.3.1 Meshing of Tanks 2 to 4
Due to the geometric similarities between Tanks 2 and 4, only one mesh was developed to
express their design. In FLUENT’s simulation process FLUENT, it is possible to ignore distinct
surfaces (such as the baffles) as per user settings. Given the relative similarity between these
designs on the original STTS tank, the mesh- and model-constructing procedure was similar to
that of the original STTS tanks outlined in Chapter 3.

Tank 2

Tank 3

Figure 5.9.

Mesh of Tanks 2 to 4
Tank 4
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5.3.2 Meshing of Tank 5
The meshing of Tank 5 required extra effort to properly mesh the regions of flow between each
horizontal node. Although no special wall considerations were made (see Chapter 3.8), a
boundary layer was employed near the walls following the same principles established in Chapter
3. Given that this design incorporated a number of confined flow regions (i.e., between each
horizontal node), the overall cell count was expectedly high. See Table 5.2 for details.

Figure 5.10. Mesh of Tank 5
5.3.3 Meshing of Tank 6
Similar to Tank 5, the mesh for Tank 6 required an increased number of cells to provide
appropriate grid density in the narrow-cavity regions. The first successful attempt at meshing the
tank resulted in the "fine" mesh, Figure 5.11, which offered an excessively high cell count of over
800,000 cells. This was due to the default methods that GAMBIT uses to mesh structured
hexahedral volumes, whereby the interior cells of a meshed volume must be propagated out of the
source faces that require the greatest amount of detail (i.e., the source faces with the greatest
amount of cells). This is not particularly efficient for geometries with large deviations in the
required level of mesh detail, such as Tank 6.
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Figure 5.11. "Fine" mesh of Tank 6
The reason for the initially high cell count stems from the default methods that FLUENT employs
to model heat transfer between interior walls in a given domain. It also a result of the default
methods that GAMBIT employs to mesh volumes using structured grids. By default, FLUENT
assumes that the heat transfer at interior walls can be modeled analytically without requiring the
walls to be modeled as a finite volume. This type of surface is called a “thin-wall” and is
illustrated in Figure 5.12. Under these conditions, it is required that the wall-adjacent cells are
connected (i.e., they must have the same cross-sectional area).

q x = kA

dT
dx

The conductivity, k, and
wall thickness, dx, are
user-specified prior to
simulation.

Figure 5.12.

Different wall-adjacent
cell sizes are not possible
using the thin-wall model.

CFD Modeling of Heat Transfer between Internal Wall Surfaces
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When combined with the need to interconnect cells at the wall faces, the constraint that GAMBIT
also places on structured results in the high cell count for Tank 6. This is illustrated in Figure
5.13.

Example: The region near the inlet requires considerable
grid density. GAMBIT requires that the volume mesh of a
structured grid be based on the source faces with the
highest mesh detail. As a result, the dense grid at the inlet
region is unnecessarily propagated into regions of the tank
where the flow regime is not expected to be as complex.

Figure 5.13.

Schematic of Tank 6 "fine" mesh illustrating propagated meshing

One method to reduce the cell count in this scenario is to assume that, by design, the inner baffles
are so insulated that adiabatic conditions can be assumed. One can recall that this assumption was
already made for the exterior walls of the STTS tanks, where R-20 insulation is installed.
Although it would be physically impractical to employ R-20 insulation for each inner baffle of
Tank 6, this assumption is made to generate the necessary computational savings, as it was not
possible during the simulation process to efficiently manage the simulations conducted with the
“fine” mesh (with 800,000+ cells). The benefit of assuming adiabatic conditions, of course, was
that it made it possible to separate the tank into multiple mesh volumes with only small,
interconnecting regions. This allowed specification of different mesh sizes at opposite ends of the
baffle wall, as illustrated in Figure 5.14. The “coarse” mesh for Tank 6, shown in Figure 5.15 is
the result of this procedure. It has provided a considerable reduction in the cell count compared to
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the “fine’ mesh in Figure 5.11. In Appendix E, grid independence between both meshes is
examined.

By separating the mesh into separate sections, and
assuming an adiabatic baffle wall, considerable mesh
savings can be achieved by avoiding the need to
propagate the source faces near the inlets and flow
distributor openings.

Figure 5.14.

Schematic of Tank 6 "coarse" mesh illustrating cell count savings
afforded by adiabatic inner surfaces

Figure 5.15.

"Coarse" mesh of Tank 6
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5.3.4 Meshing of Tank 7
The design of Tank 7 is quite similar to the design of Tank 4. The key modification is the addition
of a second inlet port in the center of the tank. Given that the fluid dynamics within this tank
should not differ greatly from Tanks 1 to 4, the approach taken to meshing Tank 7 was similar to
that already in Chapters 3.3 and 5.3.1.

Figure 5.16.

Mesh of Tank 7
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5.3.5 Mesh Summary
Table 5.2 provides the mesh characteristics of the concepts described and illustrated in the
previous sections.
Table 5.2.

Characteristics of meshes developed for characterization study

Mesh ID

Validation
Study (see
Chapter 3)

Number
of Cells

Grid Dimensions
(# of faces at cylinder end cap) x
(# of nodes along cylinder's length)

Equiangle skewness
(% of cells below 0.5)

Hot
Tank

141,865

1585 x 90

99.17%

Cold
Tank

140,156

1496 x 94

99.74 %

Tank 1

same as Hot Tank above

Tanks 2 to 4

153,355

2060 x 76

97.81 %

Tank 5

600,066

3565 x 169

99.43 %

Tank 6
("fine" mesh)

807,674

7172 x 112

95.79 %

Tank 6
("coarse" mesh)

548,584

(mesh represents two separate volumes
connected by interior surfaces)

88.83 %

Tank 7

198,387

2576 x 76

97.30 %

3183 x 14 and 5486 x 92

Although grid independence will be assessed between the "coarse" and "fine" mesh of Tank 6, a
grid independence study is not performed on the meshes for Tanks 2 to 4 and Tank 7. These
concepts are expected to exhibit fluid mechanics similar to the original STTS tanks, for which a
validated CFD model was produced in Chapter 3.
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Chapter 6
CFD Simulation and Characterization of
Current and Alternative STTS Tank Concepts
6.1 Introduction
The final stage of this work is the simulation and performance characterization of the current and
alternative STTS tank designs under" typical" solar charging conditions. This chapter describes
the simulation strategy taken, and provides results. A discussion of the results is included in
Chapter 7.

6.2 Simulation Profiles
It is important to define the "typical" operating conditions for the STTS tanks during charging
cycles from the solar collector loop. Unfortunately, the unpredictable nature of environmental
conditions results in a day-to-day variation in the STTS tanks' solar charging profile.
As discussed in Chapter 5.2, the DLSC Sequence of Operation manual [12] effectively states that
the STTS tanks' solar charging loop operates at its maximum flow rate (approximately 14 L/s) so
long as enough solar energy is available to provide a temperature rise of at least 15°C between the
charging inlet and outlet ports. Whereas the lower bound of the initial STTS tank temperature is
considered to be room temperature (20°C), the upper bound is around 80°C, which matches the
desired delivery temperature to the seasonal ground storage loop.
It must be recognized that the inlet conditions of the solar collector loop are infinitely variable.
For instance, on a partly cloudy day, if a cloud were to pass over a portion, or all, of the solar
collector array, the solar charging loop of the STTS tanks would experience either a reduction in
inlet temperature, flow rate, or both. The "typical" operating conditions to be assigned in this
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study must be able to reflect this. Therefore, the simulation of the STTS tank concepts will be
performed under the following set of hypothetical charge sequences:
• Case I: Constant flow rate of 14 L/s, Constant inlet temperature of 80°C
• Case II: Constant flow rate of 14 L/s, Linearly increasing temperature from 40°C to 80°C
• Case III: Constant flow rate of 14 L/s, Linearly decreasing temperature from 80°C to 40°C
This study is primarily concerned with examining the effect of a variation to the inlet
temperature, given that the STTS tanks primarily operate at maximum flow rate even under
conditions of low-energy input. Maintaining the flow rate as high as possible is also useful
because many of the alternative STTS tank concepts described in Chapter 5 are meant to improve
stratification when initial inertial forces are dominant.
The transient inlet temperature

Case I

profiles are illustrated in Figure
6.1. The duration of each
simulation is the time it takes to
Case III

complete a single volume
change at 14 L/s, approximately

Case II

2.58 hours. Dimensionless time
is used in all subsequent figures,
whereby t* = t/2.58 h.

Inlet temperature profiles of solar charging

Figure 6.1.

simulation cases
The duration of the linearly-increasing and -decreasing segments is one hour each, but does not
necessarily reflect a certain set of environment conditions. The goal of the variable-temperature
segments is not to specifically reflect real conditions, but to examine the stratification response of
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the STTS tanks upon a reasonable change to inlet conditions. This is in accordance with the
design guidelines for thermal energy storage vessels described in Chapter 4.3, whereby an ideal
thermal storage vessel must be able to incur a practical change in inlet conditions without
resulting in the destruction of exergy (i.e., mixing).
In addition to the modeling conditions stated above, the following assumptions have also been
made:
•

It is assumed that the solar collector energy resource is acting as a infinite thermal
reservoir. This implies that the temperature of the fluid exhausting out of the STTS tanks
does not result in a change to the inlet temperature.

•

Tank 7 (Figure 5.8) is only simulated in Case III, as this is the only operating condition
that would necessitate the need for the secondary inlet. For Cases I and II, Tank 4 (Figure
5.4) should be representative of its stratification performance.

•

The "fine" mesh of Tank 6 was only simulated for Case I, where the goal has only been
to validate the results of the "coarse" mesh through grid independence. The comparison
of the results from the "coarse" and "fine" meshes will be taken up in Chapter 7.

6.3 CFD Model and Solver Settings
The STTS tank concepts that were meshed in Chapter 5 are imported into FLUENT and solved
using the appropriate modeling properties and solver settings derived from the validation study in
Chapter 3. For instance, all STTS tank concepts are simulated using the K-ε realizable turbulence
model.

6.4 Computational Resources
The 8-processor, parallelizable CFD platform that was described in Chapter 3 was used for
simulating most of the alternative STTS concepts. For the STTS tank concepts with high cell
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counts (i.e., Tanks 5 and 6), additional computational resources were necessary to facilitate an
acceptable turn-around time.
During the course of this work, the High Performance Computing Virtual Laboratory (HPCVL)
[52] based out of Queen's University, received considerable system upgrades that increased the
cost-effectiveness of its CFD simulation capabilities. With an increased number of processors and
commercial FLUENT licenses, it became possible to simulate a dense-grid model of the STTS
tanks using up to 24 parallel processes. For most applications, the HPCVL solves numerical
problems using UltraSPARC dual-core processers rated at 1.8 Ghz. The CFD solution process
using the HPCVL is not unlike the PC-based solver, and therefore no special considerations were
necessary to adapt the STTS tank models for the HPCVL environment. Only Tank 6 (Figure
5.12) and the "fine" mesh of Tank 5 (Figure 5.11) were simulated using the HPCVL.

6.5 Performance Characterization
Chapter 4 describes the methodology used to characterize the performance of thermal energy
storages. The principal characterization indices are:
•

The Energy Response (ηER)

•

Shah and Furbo's Exergy Efficiency (ηξ,Sh)

•

Van Berkel's Exergy Efficiency (ηξ,VB)

•

The Exergy Charge Response (ηξCR)

To evaluate these indices over an entire simulation requires the monitoring of the energy and
exergy balances of each STTS tank concept. Chapter 4 discusses how these are evaluated in a
CFD environment. The characterization indices also require monitoring the energy and exergy
balances of a perfectly-stratified and perfectly-mixed STTS concept. The simulation of these two
concepts is made by developing a set of one-dimensional numerical models.
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6.5.1 Simulation of an Ideally-Stratified Thermal Energy Storage Vessel
The solar energy engineering textbook of Duffie and Beckman describes various one-dimensional
numerical models of thermal energy storage vessels [2]. The multinode modeling approach is
most applicable for this study. The multimode approach states that a TES can be divided into N
number of nodes, each with a temperature, T, and mass, m. As energy is received by the TES at a
certain temperature, only the energy balance of the corresponding temperature node is affected.
When energy is exhausted from the TES, it does so only from the coldest temperature node that
contains mass. This is useful when dealing with variable-temperature inflow conditions. An
illustration of the model is shown in Figure 6.2 and an example of the model used in this work is
provided in Appendix C.

Tin = 64.3°C
min = 50 kg

TNode = 65.0°C
mNode = 0 kg
TNode = 64.5°C
mNode = 50 kg
TNode = 64.0°C
mNode = 0 kg
TNode = 63.5°C
mNode = 0 kg
TNode = 63.0°C
mNode = 0 kg

Figure 6.2.

Hypothetical depiction of a multinode, ideally-stratified thermal storage vessel
(adapted from Duffie and Beckman [2])
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6.5.2 Simulation of a Fully-Mixed Thermal Energy Storage Vessel
Simulating a fully-mixed TES is fairly easy, given that it can be modeled as a single fluid
element, as shown in Figure 6.3. The exergy and energy content of the TES is calculated based on
the average TES temperature, Tavg, and the mass of the fluid stored in the tank, mTES. This model
can be easily constructed in Microsoft Excel and is not described further.

E stored = mTES c p (Tavg − T0 )
Ein = m& c p (Tin − T0 ) Δt

Figure 6.3.

Tavg * =

Estored + Ein − Eout
+ T0
mTES c p

Eout = m& c p (Tavg − T0 ) Δt

Hypothetical depiction of a one-dimensional, fully-mixed thermal energy storage
vessel

6.6 Results
The results from all conducted simulations are illustrated in Figures 6.4 through 6.16. The Figures
from Case II have been moved to Appendix D, as the results are shown to be very similar to the
Case I study. The temperature profiles within the tanks have not been provided, given that we are
more interested in direct assessment of energy and exergy balances. The following data is shown
in the figures:
•

Total Exergy Stored vs. Time

•

Total Exergy Destroyed vs. Time

•

The Energy Response (ηER)

•

Shah and Furbo's Exergy Efficiency (ηξ,Sh)
72

•

Van Berkel's Exergy Efficiency (ηξ,VB)

•

The Exergy Charge Response (ηξCR)

•

Average Tank Temperature vs. Time (Case III only)

6.6.1 Case I - Constant Inlet Temperature

Figure 6.4. Case I - Constant Inlet Temperature - Plot of Total Exergy vs. Time
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Figure 6.5. Case I - Constant Inlet Temperature - Plot of Total Exergy Lost vs. Time

Figure 6.6. Case I - Constant Inlet Temperature - Plot of Energy Response vs. Time
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Exergy Efficiency – van Berkel (ηξ,vB)
Figure 6.7. Case I - Constant Inlet Temperature - Plot of Exergy Efficiency (van Berkel) vs. Time

Figure 6.8. Case I - Constant Inlet Temperature Plot of Exergy Efficiency (Shah and Furbo) vs. Time
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Figure 6.9. Case I - Constant Inlet Temperature - Plot of Exergy Charge Response vs. Time
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6.6.2 Case III - Linearly Decreasing Inlet Temperature

Figure 6.10. Case III - Linearly Decreasing Temperature - Plot of Total Exergy Stored vs. Time

Figure 6.11. Case III - Linearly Decreasing Temperature - Plot of Total Exergy Lost vs. Time
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Figure 6.12. Case III - Linearly Decreasing Temperature - Plot of Energy Response vs. Time

Figure 6.13. Case III - Linearly Decreasing Temperature Plot of Exergy Efficiency (Shah and Furbo) vs. Time
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Exergy Efficiency – van Berkel (ηξ,vB)
Figure 6.14. Case III - Linearly Decreasing Temperature Plot of Exergy Efficiency (Huhn) vs. Time

Figure 6.15. Case III - Linearly Decreasing Temperature Plot of Average Tank Temperature vs. Time
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Figure 6.16. Case III - Linearly Decreasing Temperature Plot of Exergy Charge Response vs. Time

6.6.3 Temperature and Turbulence Contours
Figures 6.17 through 6.28 show the contours of temperature and effective thermal conductivity
throughout Tanks 1 to 6. The illustrations are taken after one hour of charging under constant
inlet temperature conditions. Recall from Chapter 2 that the effective thermal conductivity is a
property which is inherent to turbulence modeling. It can be used to qualitatively illustrate the
effect of mixing as it largely describes the diffusion of turbulent eddies in an environment. In a
region that is unaffected by turbulent mixing and associated heat transfer, the effective
conductivity should be equal to the general thermal conductivity of the fluid, k. The conductivity
of water was assumed to be 0.641 W/m2-K [41].
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Figure 6.17.
Contours of Temperature, Tank 1
Case I - Constant Inlet Temperature
(simulation time = 3600 s)

Figure 6.18.
Contours of keff, Tank 1
Case I - Constant Inlet Temperature
(simulation time = 3600 s)

Figure 6.19.
Contours of Temperature, Tank 2
Case I - Constant Inlet Temperature
(simulation time = 3600 s)
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Figure 6.20.
Contours of keff, Tank 2
Case I - Constant Inlet Temperature
(simulation time = 3600 s)

Figure 6.21.
Contours of Temperature, Tank 3
Case I - Constant Inlet Temperature
(simulation time = 3600 s)

Figure 6.22.
Contours of keff, Tank 3
Case I - Constant Inlet Temperature
(simulation time = 3600 s)
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Figure 6.23.
Contours of Temperature, Tank 4
Case I - Constant Inlet Temperature
(simulation time = 3600 s)

Figure 6.24.
Contours of keff, Tank 4
Case I - Constant Inlet Temperature
(simulation time = 3600 s)

Figure 6.25.
Contours of Temperature, Tank 5
Case I - Constant Inlet Temperature
(simulation time = 3600 s)
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Figure 6.26.
Contours of keff, Tank 5
Case I - Constant Inlet Temperature
(simulation time = 3600 s)

Figure 6.27.
Contours of Temperature, Tank 6
Case I - Constant Inlet Temperature
(simulation time = 3600 s)

Figure 6.28.
Contours of keff, Tank 6
Case I - Constant Inlet Temperature
(simulation time = 3600 s)
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Figures 6.29 through 6.36 illustrate the temperature profiles in the thermal energy stores during
the linearly decreasing temperature simulations, Case III. The illustrations are taken at t = 2
hours, when the inlet temperature has reached the minimum of 40°C. For the purposes of
comparison, if the STTS tanks were behaving under fully mixed conditions, the average tank
temperature at t = 2 hours would be 45.35°C or 318.35 K.

Figure 6.29.
Contours of Temperature, Tank 1
Case III - Lin. Decr. Temperature
(simulation time = 7200 s)

Figure 6.30.
Contours of Temperature, Tank 2
Case III - Lin. Decr. Temperature
(simulation time = 7200 s)

85

Figure 6.31.
Contours of Temperature, Tank 3
Case III - Lin. Decr. Temperature
(simulation time = 7200 s)

Figure 6.32.
Contours of Temperature, Tank 4
Case III - Lin. Decr. Temperature
(simulation time = 7200 s)

Figure 6.33.
Contours of Temperature, Tank 5
Case III - Lin. Decr. Temperature
(simulation time = 7200 s)
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Figure 6.34.
Contours of Temperature, Tank 6
Case III - Lin. Decr. Temperature
(simulation time = 7200 s)

Figure 6.35.
Contours of keff, Tank 6
Case III - Lin. Decr. Temperature
(simulation time = 7200 s)

Figure 6.36.
Contours of Temperature, Tank 7
Case III - Lin. Decr. Temperature
(simulation time = 7200 s)
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Chapter 7
Discussion of Results
7.1 Performance Characterization of STTS Tank Concepts
The design guidelines for thermal energy storage vessels provided in Chapter 4 states that an
ideal TES must: 1) minimize heat losses to the environment; 2) undergo charging and discharging
processes with no destruction of exergy (i.e., internal mixing); 3) ensure that fluid is exhausted
from the coldest region of the tank during charging cycles and the hottest region during discharge
cycles. In this study, only the latter two traits need to be addressed, as we have assumed that the
STTS tanks operate adiabatically.

7.1.1 Review of Energy and Exergy Efficiency Profiles (Cases I and II)
The exergy and energy responses of the Case I simulations indicate that mixing is prevalent in the
designs which do not employ a particular flow distributor or diffuser. Tank 1, the current STTS
design, has the worst stratification performance in all tests. This can also be attributed to the
position of the inlet port. At its current position, it encourages the buoyant inlet jet to propagate
into a larger mixing plume than if the port were located at a high level (see Figure 6.18).
However, moving the inlet to the top level of the tank does not completely solve this problem. In
Tanks 2 and 3, the size of the regions affected by high keff in Tanks 2 and 3 (Figures 6.20 and
6.22) illustrate that plume entrainment is still a contributing factor to mixing. The lack of any
device to contain the entrainment of the inlet fluid is the principal reason for the poor
stratification performance of Tanks 1 to 3 in comparison to the concepts with deliberate flow
diffusers and distributors. These observations are generally consistent throughout all of the
simulation cases and correlate well with the Richardson Number recommendations provided
earlier.
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As expected, Tanks 4 to 7 (which employ special measures to improve stratification) all show
good results, but vary slightly in performance depending on the simulation case. For Cases I and
II, Tank 4 and 6 are nearly identical in performance with respect to the exergy and energy
efficiencies and responses. This is also supported by the results given in Figures 6.23 and 6.27,
which show that the position and size of the thermocline is nearly identical in each tank. The
horizontally-partitioned STTS tank concept, Tank 5, is also generally effective. Although mixing
is widespread in the first tank node, it is contained by the node's relatively small volume. As the
fluid transfers to the subsequent nodes, it does so at a reduced velocity, which improves the
dominance of buoyancy forces and encourages stratification. This fluid transfer between nodes
does incur some mixing, however. This is illustrated by the periodic dips in the exergy charge
response (see Figure 6.9), which will be explained further in section 7.4.

7.1.2 Review of Energy and Exergy Efficiency Profiles (Cases I and II)
The results of the linearly decreasing case (Case III) are of particular interest, as the effectiveness
of the STTS tank designs under these conditions is critical. Observing the exergy efficiencies of
Huhn, Shah and Furbo (Figures 6.13 and 6.14) as well as the total exergy stored in the tanks
(Figure 6.10), we see that the dual-inlet configuration proposed by Tank 7 works slightly better
than its counterparts. The flow distributor configuration of Tank 6, which was expected to
perform well, does not seem to vastly outperform the alternatives. This is most likely due to the
unrefined, general approach that was taken to its design. Nevertheless, the exergy efficiency
profiles, and the temperature and keff contours in Figures 6.34 and 6.35, illustrate that the
stratifying flow distributor works to some extent, even though enough mixing occurs to keep its
performance on par with the other tanks.
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During the Case III tests, a sharp drop in the exergy charge response for all tanks is observed
approximately half-way through the simulations. The trigger for the drop can be corresponded to
a reversal in the buoyancy forces associated with the inlet plume, as illustrated in Figure 6.15.
This drop is even more profound for Tanks 4 and 5, as the location of the inlet port forces the
inlet plume to mix directly with the hottest region of the vessel (see Figures 6.32 and 6.33). This
results in a heightened rate of exergy destruction. Another interesting observation is of Tank 7,
which experiences an early drop and subsequent recovery in the exergy charge response (Figure
6.16) due to the initial mixing that occurs when the second inlet port is activated.

7.1.3 Other Observations
The constant temperature inflow simulations (Case I) can be used to examine whether the
position of the outlet ports are correct. If short-circuiting between the inlet and outlet ports would
exist, one would witness an early, steep drop in the energy response combined by a sharp increase
to Huhn's exergy efficiency. Similarly, one could plot the simulated energy response of a fullymixed TES and deduce that short circuiting would only occur if the real TES energy response
dips below that of the mixed vessel. This is
illustrated in Figure 7.1, confirming that
the decline of the energy responses of the
STTS tank concepts is attributed to the
vertical downward movement of the tanks'
themoclines. The energy response is
therefore best for the STTS tank concept
that offers the best stratification
conditions.
Figure 7.1.

Case I - Energy Response vs. Time
(showing ηER of fully mixed TES)
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7.1.4 Ranking of the STTS Tank Concepts based on Characterization Indices
The profiles of the Energy Response, Exergy Efficiencies, and Exergy Charge Response can be
used to qualitatively rank the proposed STTS designs based on their apparent stratification
performance. It is assumed that the best designs are those which operated for the most part with
"efficiencies" and "responses" near 1.0. The rankings are listed in table 7.1.
Table 7.1.

Qualitative Rankings of the STTS tank concepts based on the energy and exergy
characterization indices

CASE I:
Constant Inlet Temperature

CASE II:
Linearly Increasing
Temperature

CASE III:
Linearly Decreasing
Temperature

1. Tank 6

1. Tank 4

1. Tank 7

2. Tank 4

2. Tank 6

2. Tank 4

3. Tank 5

3. Tank 5

3. Tank 6

4. Tank 3

4. Tank 2

4. Tank 5

5. Tank 2 (tied with Tank 3)

6. Tank 1

5. Tank 2

7. Tank 1 (original STTS)

6. Tank 3

6. Tank 3
7. Tank 1

Tank 1

Tank 2

Tank 3

Tank 4

Tank 5

Tank 6

Tank 7
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The values in bold indicate the best (green) and worst (red) STTS tank concepts for these set of
simulations and reference conditions. One way to illustrate the degree to which the original STTS
design (Tank 1) differs from the best concept (Tank 4) is to examine the value of Shah and
Furbo’s exergy efficiency at the end of each simulation. For instance, after a single volume
change with constant temperature charging conditions (Case I), the available energy (i.e., exergy)
of the fluid stored within the original STTS (see Figure 6.8) is only 68% that of a fully stratified
tank under the same conditions. For Tank 4, the amount of exergy stored in the vessel increases to
91% that of an ideally stratified tank. Although there is evidence to suggest that Tank 7 would
perform even better than Tank 4, it remains to be seen whether the improvement in stratification
would be worth the cost and complexity of installing a secondary inlet port.

7.1.5 Practical Considerations
Upon review of the results, two points must be considered:
First, it is understood that, under the operating conditions established in Chapter 6.2 only, Tank 4
would perform best at storing energy that would be useful (i.e. exergy) to a reference
environment of 20°C. These results could have differed had the reference temperature been set
higher. For instance, the temperature profiles from the Case III simulations (Figures 6.29 to 6.36)
illustrate that if the reference environment temperature, T0, would have been set close to the
maximum inlet temperature, 80°C, only Tanks 6 and 7 would contain an amount of useful energy
at the end of the charging cycle.
This reveals the second point, which concerns a key aspect of variable-temperature inflow
conditions. For example, in the linearly-decreasing inlet temperature simulations (Case III), it is
shown that Tanks 4 and 5 do not incur significant exergy destruction once the inlet temperature is
reduced (see Figure 6.15 and 6.16). However, it can be seen in Figures 6.32 and 6.33 that the
location of the hottest regions in each of the tanks has shifted. As a result, during the discharge
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cycle, it would be very difficult for each tank to discharge fluid in adherence to the TES
guidelines set forth in Chapter 4. Therefore, it could be state that any device that is meant to
improve thermal stratification in a TES must also preserve the location of the hottest and coldest
regions of the tank unless additional inlet/outlet fixtures are installed. This is another selling
feature of thermal energy stores that employ inlet manifolds or stratifying flow distributors, such
as Tanks 6 and 7.

7.2 Suitability of the Richardson Number-based Design Approach
It is evident that the ranking of the alternative STTS concepts is in good agreement with the basic
recommendations of the Richardson Number discussed in Chapters 4 and 5. Whereas the original
STTS tank design had the poorest stratification performance, it also exhibited the lowest
Richardson Number during the design phase. Similarly, the designs with the highest Richardson
Number (those incorporating inlet diffusers) had the best stratification performance. In regards to
the design of the inlet diffusers, however, the post-processing stage of the CFD analysis allows
for a better analysis of their performance.
In Chapter 4, it was stated that the Richardson Number equation was used to evaluate various
inlet geometries, including changes to the inlet area by incorporating a diffuser. For the
Richardson Number approach to be acceptable, it was assumed that the deviation in the velocity
profile at a diffusers outlet of would not differ far from the mean velocity. This is illustrated in
Velocity, u

Figure 7.2.

Mean velocity, U

Velocity profile

Figure 7.2.

Depiction of the velocity profile expected near the diffuser outlets.
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Recalling the characteristic Richardson Number equation (eq. 4.21), the mean velocity is assumed
to be the product of the inlet flow rate, (AV)in and the surface area of the diffuser outlet, Achar. For
example, the diffuser cross-sectional area of Tank 4, Achar, is 0.5637 m2 (see Appendix F for
details). Given that the simulations were all conducted at a constant flow rate of 14 L/s, the
expected mean velocity at the diffuser outlet is therefore 0.0248 m/s. Figure 7.3 illustrates the
velocity contours and corresponding pathlines near the inlet of Tank 4. The image is taken after
one hour of simulation under Case I conditions.

and above

Figure 7.3. Velocity (m/s) contours and corresponding inlet pathlines at diffuser outlet
of Tank 4 (Case I simulation, t = 3600 s)
It is shown in Figure 7.3 that the velocity magnitude near the diffuser outlet lies predominantly in
the range of 0.025 to 0.03 m/s. This is relatively close to the expected mean velocity, and
indicates that the performance of this concept is well suited to have been evaluated using the
characteristic Richardson Number.
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In contrast, Tank 6, which inherits a more complex geometry than Tank 4, does not exhibit the
same uniform velocity distribution at the critical cross-section. This is illustrated in Figure 7.4.
Note that the characteristic cross-section of the flow distributor opening is approximately 0.25
m2, and the mean fluid velocity through opening is expected to be around 0.056 m/s.

Figure 7.4. Velocity (m/s) contours and corresponding inlet pathlines at diffuser outlet
of Tank 6 (Case I simulation, t = 3600 s)
Figure 7.4 illustrates that there is considerable velocity concentration in certain areas of the
distributor opening. At one end of the diffuser opening, the fluid velocity is as high as 0.13 m/s.
At the other end of the diffuser, the velocity peaks at approximately 0.06 m/s, with a trough
between both ends. Despite the non-uniformity of the velocity profile, there is nevertheless a
marked reduction in the fluid velocity compared to the velocity of the original inlet jet (approx.
1.74 m/s).
It is nevertheless apparent that the performance of Tank 6 cannot be attributed to the Richardson
Number design study carried out in Chapter 5.2.1. A future study should properly examine the
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effectiveness of such flow distributor designs and determine whether or not a simple design
method for such concepts exists.

7.3 Suitability of the Proposed “Exergy Charge Response” Characterization Index
The characterization index that was proposed in Chapter 4 has specific merits that may not be
apparent in the results shown in Chapter 6. More so, when one reviews the results in Figure 6.16,
for instance, it is difficult to gain a clear
understanding of the salient features of each
STTS tank concept and, more importantly,
why the Exergy Charge Response would be
useful. In this regard, it may be more
effective to illustrate the ηξCR in comparison
to the other 2nd-law characterization indices.
For instance, Figure 7.5 illustrates the Exergy
Figure 7.5

Charge Response in comparison to Shah and

Comparison of Second Law
Characterization Indices for the

Furbo’s and Huhn’s exergy efficiencies for the

Case I Simulation of Tank 5

Case I simulation of Tank 5. Recall that Tank 5
represented the horizontally-partitioned STTS tank concept (see Figure 5.5). It is under such
circumstances that the usefulness of the Exergy Charge Response is clearly apparent. As
discussed in Chapter 4, the exergy efficiencies of Shah and Furbo and van Berkel characterize the
performance of the STTS tank based on the total exergy stored or lost at a given time. For
instance, at t* = 0.5, one can gather from Figure 7.4 that the total exergy stored in the STTS
vessel is roughly 85% that of a perfectly-stratified storage vessel. However, what is not
immediately apparent is why the value is only 85% at this time, and why the value increases
slowly as the solution progresses. To answer this, one can look at the Exergy Charge Response,
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which highlights the instantaneous changes in the rate of exergy destruction within the storage
vessel. It is, in effect, a derivative of van Berkel’s exergy efficiency, but it better reflects the
relationship between the tank’s geometry and internal mixing. For instance, the ηξCR curve of
Tank 5 highlights periodic dips that directly illustrate the instances when hot fluid in one of the
tank’s nodes begins to entrain and partially mix into another node downstream. Although the
effect on the total exergy efficiency may not be significant, the plot of the Exergy Charge
Response is a useful visual tool which allows one to better monitor entrainment effects without
requiring the examination of temperature and velocity profiles at particular points.
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Chapter 8
Conclusion and Recommendations
The performance drawbacks that have become associated with the STTS tanks’ design have
indicated that the evolution of thermal energy storage technology requires continuing effort to
improve TES design methods and performance assessment techniques. As highlighted in this
work, Computational Fluid Dynamics can play an increasingly important role in this regard.
Virtual experimentation with CFD is invaluable for large vessels that cannot be easily evaluated
in laboratory settings. Moreover, the finite volume method inherent to CFD analysis allows for
the easy calculation of 2nd Law thermodynamic properties, such as exergy. And as exergy can
quantitatively measure the quality of the energy stored in a given environment, this offers a
distinct advantage over conventional experimental techniques.

8.1 CFD Modeling of Liquid Sensible Thermal Energy Storage Vessels
This work represents one of a growing number of CFD analyses of thermal energy storage vessels
using commercial software. It also represents one of few works that require turbulence modeling
of flow within a thermal storage vessel. At first glance, given the commonalities between the
model parameters chosen in this work and the values recommended in literature, future works
may not need to be overly critical of certain conditions, such as the selection of the turbulence
model.
However, the CFD model that was devised and validated in this work did ignore certain flow
mechanisms, such as heat losses to the environment and the grid effects near the wall boundaries,
as discussed in Chapter 3.8. Their exclusion was based on practical assumptions and literature
recommendations. It was noted that a comprehensive sensitivity analysis on the effect of these
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mechanisms was not found in literature. It would be useful in a future study to examine the
degree to which these assumptions are case sensitive.

8.2 CFD-Assisted Characterization of Large Thermal Storage Vessels under
Charging Conditions
This work was an example of a CFD-assisted TES design and characterization process. A general
modeling technique for future works was also proposed. The Short-Term Thermal Storage tanks
at the Drake Landing Solar Community were used as the principal case study.
The performance characterization of the STTS tanks and the evaluation of other tank designs
were made under solar charging conditions and for the STTS “Hot Tank” only. Three sets of
simulations were undertaken for each tank design, each representing a different state of inlet
conditions reflected in the DLSC’s operational manual. Characterization of the STTS tanks was
done mainly by applying a set of 2nd Law characterization indices, using exergy as the main
Figure of merit.
It was evident that significant mixing occurs in the current STTS tanks due to the ineffective
placement of the inlet ports and the lack of an appropriate flow diffuser to prevent mixing. As an
illustration, at the end of the simulations exhibiting constant inlet temperature and flow rate
(Case I), the total exergy in the original STTS tank was only 68% of a perfectly-stratified vessel.
A modified design of the STTS tanks, which only shifted the position of the inlet port and center
baffle, significantly improved this value to over 90%. Additional analysis also indicated that the
STTS tanks would benefit from a simple flow distributor configuration to deal with variable
temperature inlet conditions. However, further analysis on this particular design configuration is
needed.
The characterization methods employed in this work represent an effective means to differentiate
between the stratification performance of various thermal storage vessels. This work would
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therefore benefit from a future study that correlates changes to the STTS tanks’ stratification
efficiencies with changes to the DLSC’s overall performance.

8.3 The Richardson Number-based Design Process
During the design phase of the alternative STTS tank designs, an interpretation of the Richardson
Number was used to predict the performance of various inlet diffuser configurations. Although a
brief analysis of the diffusers’ performance was undertaken in Chapter 7, it is noted that a
literature review of TES inlet manifolds and diffusers was outside the scope of this work.
Nevertheless, the results did illustrate that the Richardson Number equation, coupled with its
empirical recommendations for TES design, shows promise as a basic design tool for thermal
energy storage vessels.

8.4 Future Recommendations
A number of additional studies would add valuable insight and relevance to this work. These are:
•

an examination of near-wall turbulence modeling procedures as applied to thermal energy
storage vessels;

•

an examination of methods to correlate the stratification performance of the STTS tanks
to the Drake Landing Solar Community’s overall efficiency;

•

a cost-benefit analysis of the alternative STTS designs, based on the results found above;

•

a literature review of inlet diffusers for thermal energy storage vessels, with considerable
emphasis on simple flow distributors;

•

an analysis of the STTS tanks stratification performance under discharging conditions.
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Appendix A
Verification of Adiabatic Conditions
A simple test can be made to see whether the assumption of adiabatic conditions at the STTS tank
wall boundary is appropriate. If the rate at which heat is lost from the STTS tank to the
environment is low in comparison to rate of heat addition and removal - even in the worst-case
scenarios - adiabatic conditions can be assumed. It is necessary to only justify this for the Hot
Tank, as the Cold Tank represents a nearly-identical configuration.
To define the "worst-case scenario" of heat losses to the environment, we will assume that the
STTS Hot tank is fully-charged with 80°C of water, with no charging/discharging systems in
operation. The insulation at the tank wall is R-20, which corresponds to 3.522 K·m2/W. We
assume that the inner and outer surfaces of the STTS tank wall are kept at 80°C and 20°C
respectively. Therefore, heat transfer is only a product of conduction through the tank wall. The
tank is illustrated in Figure A.1.
Tank Length, L
Tank Diameter, D

Heat Lost to Environment,

E& lost

Surface Area of Tank Wall
A = 1/2πD2 + πDL

Figure A.1.

Thermal
Resistance
of Insulation
R = 3.522 K·m2/W

Boundary Temperatures:
Inner Wall, Ts,i = 80°C
Outer Wall, Ts,o = 20°C

Schematic of Fully-Charged STTS Hot Tank
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With reference to the textbook of Incroprera and Dewitt [41], the maximum heat lost to the
environment is equated as:

A(Ts ,i − Ts ,o )
E& lost =
R
E& lost =

(12 π (3.8 m)

(A.1)

2

)

+ π (3.8 m)(11.4 m) (353.15 K − 293.15 K )
3.522 K ⋅ m 2 / W

= 2,704.874 W
≈ 2.7 kW
We can compare this value to the approximate net rate of heat addition during solar charging. It is
assumed that the STTS tanks tend to store energy at maximum flow rate, 14 L/s, with a minimum
temperature rise of 15 °C over the STTS outlet (see Chapter 6.#). Therefore, the net rate of heat
addition is in the order of:

E& in − E& out = m& c p ΔT

(A.2)

E& in − E& out = (0.014 m 3 / s )(971.8 kg / m 3 )(4.182 kJ / kg ⋅ K )(15 K )
= 853.45 kW
In this case, the rate of heat lost to the environment is less than 0.4% of the net rate of heat
addition. Given this, it seems appropriate to assume adiabatic conditions during solar charging.
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Appendix B
Example of a User-Defined Function (UDF)
for Varying CFD Boundary Conditions
/*********************************************************************
Drake Landing STTS Tanks CFD Analysis
Inlet Temperature Boundary Condition
LINEARLY INCREASING TEMPERATURE PROFILE:
Constant Temperature of 40 degrees C for 30 min.
Linearly increase in temperature up to 80 degrees C over one hour
Constant Temperature of 80 degrees C for remaining 1.67 hours
Notes: This is a general example of the UDFs used during the simulation
process to vary boundary conditions and other transiently-changing
variables over the course of each CFD run.
*******************************************************************/
#include "udf.h"
/***********

SOLAR COLLECTOR INLET TEMPERATURE *******************/

DEFINE_PROFILE(charge_T_TNK_1, thread_inlet, i)
{
#if !RP_HOST
/* Conducts loop only if acting as node */
face_t f;
/* Standard face variable */
real Temp;
/* Temperature variable to be returned */
#endif
real
real
real
real
real
real

Diameter = 0.1016;
R = Diameter/2.;
pi_approx = 3.141592654;
Area = pi_approx*R*R;
cp = 4.182;
T = 0;

real t = CURRENT_TIME;

/* Diameter of inlet port, in meters */
/* Radius of inlet port, in meters */
/* Approximate value of pi */
/* Surface area of inlet port */
/* Approximate cp of water, kJ/kgK */
/* Temperature variable to be assigned by
profile */
/* Current simulation time, in seconds */

/******* Define Linearly Increasing Temperature Profile **************/
if (t < 1800) {
T= 40.;
}
else if (t >= 1800 && t < 5400) {
T = 0.01111*t+20.;
}
else if (t >= 5400) {
T = 80.;
}
/*********************************************************************/
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#if !RP_HOST

/* Conducts loop only if acting as node */

/***** Convert Temperature from Celsius to Kelvin *******************/
Temp = T + 273.15;
/***** Assign Temperature Profile to Boundary Conditions *************/
begin_f_loop(f,thread_inlet)
{
F_PROFILE(f,thread_inlet,i) = Temp;
}
end_f_loop(f,thread_inlet)
#endif
}
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Appendix C
One-dimensional Multinode Model
of an Ideally Stratified Thermal Energy Store
The multinode model described in Chapter 6.5.1 was produced in MATLAB using the following
code. In further reference to Chapter 6, the example here corresponds to the linearly increasing
simulation profile, Case II.
%
%
%
%

******************************************************************
MULTINODE MODEL OF IDEALLY STRATIFIED STTS HOT TANK
Case II: Linearly Increasing Temperature Profile
******************************************************************

% Assign Initial Properties
Ref_T = 20.0;
Outlet_T = Ref_T;
Tank_Volume = 129.987/2;

% Ref. temp. for energy/exergy balances
% Assigns outlet temperature
% Modeled volume reflects assumption that
only half of each tank can be modeled due
to symmetry
cp = 4.182;
% cp of water, kJ/kg-K
volumetric_flow_rate = 14/2000; % Volumetric flow rate in m3/s

% Define Nodal Array
Temperatures = 20:0.5:80;
% Mass - A horizontal array for mass is created in MS Excel and
imported to MATLAB. The array has 120 columns, one for each
temperature node. The first node, corresponding to 20 degrees C,
has a value of 64,684.85 kg, representing the initial dead-state
mass of the tank.
% Time - A vertical array for time is imported from the CFD
simulation process.
% Determine the length scale of nodal arrays
k = length(Time);
m = length(Temperatures);

% Begin transient simulation
for i=2:k
Interval = Time(i,1) - Time(i-1,1);
t = Time(i,1);
Mass_Sum = 0;
Mass_Temp_Sum = 0;

% Determine time step size
% Determine current time

% Assign temporary mass values to the new time step
for j=1:m
Mass(i,j) = Mass(i-1,j);
end
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% Determine mass of coldest temperature node in tank, and
determine its density.
for j=1:m
if (Mass(i,j) > 0)
Cold_Mass = Mass(i-1,j);
min_T = Temperatures(1,j);
rho = -0.003537*(min_T+273.15)*(min_T+273.15) +
1.8582*(min_T+273.15) + 756.97;
break;
end
end
% Determine Inlet Temperature
% Case II: Linearly Increasing Temperature Test
if (t < 1800)
T = 40;
elseif (t >= 1800) && (t < 5400)
T = 0.01111*t+20;
else
T = 80;
end
% Determine mass flow rate properties of injected/exhausted fluid
% Density of injected fluid
rho_injected = -0.003537*(T+273.15)*(T+273.15) +
1.8582*(T+273.15) + 756.97;
% Mass flow rate of injected fluid
mass_flow = volumetric_flow_rate*rho_injected;
% Total mass injected during time step
Mass_Injected = mass_flow*Interval;
% Total volume of fluid replaced during time step
Volume_Replaced = volumetric_flow_rate*Interval;
% Total mass removed during time step
Mass_Removed = Volume_Replaced*rho;
Remainder = Mass_Removed;
% Perform next algorithm only if the inlet temperature differs from the
% outlet temperature
Value_Check = 0;
if (T == min_T)
Value_Check = 1;
else
% Multinode model for removing cold fluid from a stratified TES
for j=1:m
if (Mass(i-1,j) > 0)
if (Mass(i-1,j) > Remainder)
Mass(i,j) = Mass(i-1,j) - Remainder;
T_Inlet_Outlet(i,2) = Temperatures(1,j);
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Energy_Removed = Energy_Removed +
Remainder*cp*(Temperatures(1,j)-Ref_T);
Entropy_Removed = Entropy_Removed +
Remainder*cp*log((Temperatures(1,j)+273.15)/(Ref_T+273.15));
Remainder = 0;
else
NewRemainder = Remainder - Mass(i-1,j);
Energy_Removed = Energy_Removed +
Mass(i,j)*cp*(Temperatures(1,j)-Ref_T);
Entropy_Removed = Entropy_Removed +
Mass(i-1,j)*cp*log((Temperatures(1,j)+273.15)/(Ref_T+273.15));
Mass(i,j) = 0;
Remainder = NewRemainder;
end
if (Remainder == 0)
break;
end
end
end
% Store injected mass into Mass array
T_Inlet_Outlet(i,1) = T;
for j=1:(m-1)
if (Temperatures(1,j) <= T_Inlet_Outlet(i,1)) && (
Temperatures(1,j+1) > T_Inlet_Outlet(i,1))
Mass(i,j) = Mass(i-1,j) + Mass_Injected;
end
end
end
% Evaluate and Assign Total Mass within tank
for j=1:m
Mass_Sum = Mass_Sum + Mass(i,j);
Mass_Temp_Sum = Mass_Temp_Sum + Mass(i,j)*Temperatures(1,j);
end
% Create array called "TABLE_TO_TRANSFER" which appends values to be
exported to Microsoft Excel for further analysis
% TABLE_TO_TRANSFER - Index
% Column 1: Mass Flow Rate (kg/s)
% Column 2: Inlet Temperature (C)
% Column 3: Outlet Temperature (C)
% Column 4: Mass of Tank (kg)
% Column 5: Energy In (kJ)
% Column 6: Energy Out (kJ)
% Column 7: Entropy In (kJ)
% Column 8: Entropy Out (kJ)
% Column 9: Average Temperature (C)

TABLE_TO_TRANSFER(i,1)
TABLE_TO_TRANSFER(i,2)
TABLE_TO_TRANSFER(i,3)
TABLE_TO_TRANSFER(i,4)

=
=
=
=

mass_flow;
T;
min_T;
Mass_Sum;
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TABLE_TO_TRANSFER(i,9) = Mass_Temp_Sum/Mass_Sum+273.15;
if (Value_Check == 0)
TABLE_TO_TRANSFER(i,5) = Mass_Injected*cp*(T-Ref_T);
TABLE_TO_TRANSFER(i,6) = Energy_Removed;
TABLE_TO_TRANSFER(i,7) =
Mass_Injected*cp*log((T+273.15)/(Ref_T+273.15));
TABLE_TO_TRANSFER(i,8) = Entropy_Removed;
else
TABLE_TO_TRANSFER(i,5) = 0;
TABLE_TO_TRANSFER(i,6) = 0;
TABLE_TO_TRANSFER(i,7) = 0;
TABLE_TO_TRANSFER(i,8) = 0;
end
end
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Appendix D
CFD Simulation Results of
Case II: Linearly Increasing Temperature Profile
Figures D.1 to D.6 are transient profiles in the exergy content and relevant characterization
indices of the STTS tank concepts during the linearly increasing temperature simulation case.
These Figures should be viewed in correspondence with the information provided in Chapter 6.

Figure D.1. Case II - Linearly Increasing Temperature - Plot of Total Exergy Stored vs. Time
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Figure D.2. Case II - Linearly Increasing Temperature - Total Exergy Lost vs. Time

Figure D.3. Case II - Linearly Increasing Temperature - Energy Response vs. Time
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Figure D.4. Case II - Linearly Increasing Temperature -

Exergy Efficiency – van Berkel (ηξ,vB)

Exergy Efficiency (Shah and Furbo) vs. Time

Figure D.5. Case II - Linearly Increasing Temperature - Exergy Efficiency (Huhn) vs. Time
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Figure D.6. Case II - Linearly Increasing Temperature - Exergy Charge Response vs. Time

116

Appendix E
Grid Sensitivity Analysis of Tank 6 "Coarse" and "Fine" Meshes
This "coarse" mesh of Tank 6 was used for the principal simulation Cases described in Chapter 6.
The grid independence of this model must be checked for two reasons:
1)

The mesh makes the assumption that heat transfer through the baffle wall does not need
to be modeled if the baffle is coated with R-20 insulation. This allows for the model to
be constructed out of two separate volume meshes with only two small regions in
contact with one another (see Chapter 5.3.3).

2)

The expected fluid mechanics of Tank 6 differ somewhat from the original STTS tank
concept. One key feature of the design is the significant change in the inlet plume’s
direction before it is exhausted into the main storage volume. Therefore, examining the
grid sensitivity of the CFD model of Tank 6 is useful.

Table E.1 reviews the characteristics of two constructed meshes of Tank 6.
Table E.1. Characteristics of Tank 6 meshes

Mesh ID

Number
of Cells

Tank 6
("fine" mesh)
Tank 6
("coarse" mesh)

Grid Dimensions
(# of faces at cylinder end cap) x
(# of nodes along cylinder's length)

Equiangle skewness

807,674

7172 x 112

95.79 %

548,584

(mesh represents two separate volumes
connected by interior surfaces)

3183 x 14 and 5486 x 92

Tank 6
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(% of cells below 0.5)

88.83 %

For the grid sensitivity analysis, both tanks are simulated under the constant inlet charging
conditions of Case I in Chapter 6. To summarize, both tanks are charged with 80 °C water at a
constant rate of 14 L/s. The initial temperature of the water within the tanks is a uniform 20 °C,
and the charge duration lasts approximately 2.7 hours.
To facilitate the analysis, temperature readings are taken from five locations in each tank,
illustrated in Figure E.1.

T1
T2
T3
T4
T5

Figure E.1. Location of temperature sensors in Tank 6

Figures E.2 through E.4 illustrate the results. Grid independence is reviewed against temperature
readings, the total exergy content in each tank, and the outlet temperature of the charging cycle.
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T1
T2

T3

T4
T5
"Fine" Mesh
807,674 cells
"Coarse" Mesh
548,584 cells

Figure E.2.

Temperature Profiles of Tank 6
(Case I: Constant Inlet Temperature and Flow Rate)

Figure E.3.

Total Exergy Stored in

Figure E.4.

Outlet Temperature Profile

Tank 6 vs. Time

of Tank 6

(Case I: Constant Inlet Temp.

(Case I: Constant Inlet Temp.

and Flow Rate)

and Flow Rate)
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From the results illustrated in Figures E.2 to E.4, there is good evidence to suggest that the
"coarse" mesh predicts the behaviour of Tank 6 to a similar degree as the "fine" mesh. Although
there is a deviation in the temperature readings of the sensor, T5, this is to be expected as the
sensor is placed in the region of the tank where the thermocline eventually settles (i.e., in the
same vertical position as the outlet port). The steep temperature gradient of the thermocline may
be the cause of this deviation between simulations. Nevertheless, outlet temperature profiles and
exergy profiles of both meshes suggest that the "coarse" mesh offers a reasonable solution, when
comparing against results of the “fine” mesh.
The primary benefit of the "coarse" mesh is computational savings. Whereas over four days were
required to simulate the Tank 6 "fine" mesh using 24 processors on the HPCVL (see Chapter 6.4),
roughly three days were required to simulate the "coarse" mesh on the 8-processor machine that
was directly available at the Solar Calorimetry Lab (see Chapter 3.5).
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Appendix F
Detailed Layouts of Alternative STTS Tank Designs

Tank 2

Tank 3

Tank 4

Upper baffle only
for Tank 4

All ports are 4 in.
( 0.1016 m)

1.903m
1.54m

1.72m

1.72m

1 72m
Center baffle
only for Tank 2

1.54m

FRONT VIEW

1 72m

Lower baffle
only for Tank 4

REAR VIEW
Upper baffle only
for Tank 4

11.42m

9.69m

Center baffle
only for Tank 2

Figure F.1.

Lower baffle
only for Tank 4

Design Layout of Tanks 2, 3, and 4 (NOT TO SCALE)
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CROSSSECTIONAL
SIDE VIEW

Tank 5

All ports are 4 in.
( 0.1016 m)
1.903m
1.35m
1.72m

1 72m
1.35m

REAR VIEW

FRONT VIEW

Upper baffle only
for Tank 4

11.42m

0.37m
1.88m

1.88m

1.88m

1.88m

1.88m

CROSSSECTIONAL
SIDE VIEW
0.5 m

0.5 m

0.5 m

0.5 m

0.37m

Figure F.2.

Design Layout of Tank 5 (NOT TO SCALE)
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Tank 6

All ports are 4 in.
( 0.1016 m)
1.903m

1.72m

1.4m

1.6m

1.8m

Flow-separating
baffle

REAR VIEW

FRONT VIEW
Extend outlet pipe to
second horizontal baffle
11.42m
0.2m

0.4m

0.2m

0.2m

0.7m

CROSSSECTIONAL
SIDE VIEW

0.2m

0.2m 0.2m

0.8m
0.2m

0.2m

0.7m
0.2m
0.2m

0.2m
9.69m

Figure F.3.

Design Layout of Tank 6 (NOT TO SCALE)
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Tank 7

All ports are 4 in.
( 0.1016 m)

Upper baffle

1.903m
1.54m
1.72m

1.72m

0.15m
each

1 72m

Center baffles

1 54m

1 72m

Lower baffle

REAR VIEW

FRONT VIEW

Upper baffle
11.42m

9.69m

CROSSSECTIONAL
SIDE VIEW
Center baffles

Figure F.4.

Lower baffle

Design Layout of Tank 7 (NOT TO SCALE)

124

