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Transient heat loss of hot water tanks using CFD
LINNÉA TOBIASSON
Department of Mechanics and Maritime Sciences
Chalmers University of Technology

Abstract
The product development process can be a time consuming process. A computa-
tional fluid dynamics (CFD) software can be used to shorten the design cycle, as
well as lower the material waste used for experimental tests. CFD is the numerical
method of predicting fluid behavior. It can solve a large variety of different complex
problems, though, one of its drawbacks is the more numerical accurate solution the
higher computational cost. This thesis focuses on developing a methodology that
keeps the computational cost to a minimum while simultaneously provide results
that correlate to experimental data of unsteady state simulations, also called tran-
sient CFD simulations.

The methodology was conducted through a literature analysis, analytical calcula-
tions and evaluated by being tried out on two simulations using the CFD software
STAR-CCM+. The numerical results were compared to experimental data gathered
from an experimental test called standing heat-loss test, performed on a thermal en-
ergy storage (TES) tank with and without insulated surfaces. The literature analysis
suggested a numerical setup using the Boussinesq approximation with fully coupled
modeling and an implicit time-stepping approach. The analytical calculations gave
an initial value on the convection boundary condition (BC), they also indicated to
use different heat transfer coefficients on different heights of the uninsulated tank,
while a constant heat transfer coefficient can be used for the insulated tank.

A common approach to reduce the computation time is to decrease the domain size
by using symmetry planes. Symmetry planes can however disrupt fluid flow and
alter the numerical results. To remove any uncertainties of a reduced domain size it
is advised to do a comparison between the results from the whole domain and the
reduced size. In these simulations it could be observed that the symmetry planes
caused instability of the solver in more turbulent flow regions but no other differences
could be seen. A multi-time-stepping approach combined with a minimum conver-
gence criterion of 10−6 gave the best reduction of computation time while providing
results that correlated to experimental data. This approach however varies greatly
from case to case and as larger time-steps approximates solutions this approach is
not suggested if the goal is to have simulations with numerical independence.

With all time reducing strategies implemented, the simulations could be reduced
from 700 cores, 48 hours to 4 cores and 1 hour.

Keywords: Heat transfer, Natural convection, Buoyancy, Thermal Energy Storage,
Water tank, Transient CFD simulation, STAR-CCM+.
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Notations and Acronyms

Cp Specific Heat Capacity at Constant Pressure J/(kg·K)
ρ Density kg/m3

µ Dynamic viscosity Pa · s
ν Kinematic viscosity Pa · s
κ Thermal conductivity W/(m · K)
T Static temperature K
p Pressure Pa
g Gravitational acceleration m/s2

t Physical time s
α Thermal diffusivity m/s2/s
r Radius m
H Height m
L Characteristic length m
Ra Rayleigh number −
Pr Prandtl number −
Re Reynolds number −
Nu Nusselt number −
L Characteristic length m
β Volume expansion coefficient −
R Thermal resistance K/(W)
h Heat transfer coefficient W/(m2 · K)
U Overall heat transfer coefficient W/(m2 · K)

BC Boundary Condition
BDF Backward Differentiation Formula
CAD Computer-aided design
CFD Computational Fluid Dynamics
CPU Central Processing Unit
FVM Finite Volume Method
PDE Partial Differential Equations
PUR Polyurethane
TES Thermal Energy Storage
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1
Introduction

1.1 Background
The product development process can be a time consuming process [1]. A compu-
tational fluid dynamics (CFD) software can be used to shorten the design cycle as
well as reducing material waste used in experimental tests [2]. CFD is the numer-
ical method of predicting fluid behavior and its interaction with the surrounding
environment [3]. CFD can solve complex problems by coupling the physics of fluids
with other areas of interest such as, heat transfer, aero-acoustics or electrochem-
istry [4]. Though, one of its drawbacks is the more numerical accurate solution the
higher computational cost and finding a solution that represent the experimental
data is often an iterative process. It is therefore desirable to have a strategy of how
to produce reliable results without using an excessive amount of resources. This
is especially important with large simulations such as unsteady simulations where
the physical properties varies in both space and time [2]. This thesis focuses on a
methodology for unsteady CFD simulations. The goal is to find a robust method
that can be used for several different problems, as well as keeping the computational
cost to a minimum while simultaneously provide results that correlate to experimen-
tal data.

1.2 Problem Specification
The methodology is to be developed through a literature analysis, analytical calcu-
lations and evaluated by being tried out on two simulations using the CFD software
STAR-CCM+. The numerical results are going to be compared to experimental
data gathered from an experimental test called standing heat-loss test performed on
a thermal energy storage (TES) tank with and without insulated surfaces. The tank
is to be combined with a heat pump where the tank stores hot water to improve
pump efficiency. The experimental test is conducted by continuously measuring the
temperature in the water while the hot water stored in the tank cools down without
interruption. The surrounding air is stagnant and so, the heat transfer is driven by
natural convection. As heat is lost to the surrounding air the hot water elements
flows to the top and the cooler falls to the bottom of the tank due to density differ-
ences and buoyancy. With time, a temperature layering called thermal stratification
appears, where an insulated tank does not have as of a distinct temperature layering
due to the decreased rate of heat loss.

1



1. Introduction

Similar studies on hot water tanks has been performed before. Lago et al., pro-
pose that simulations in 1D do not capture the details of buoyancy and thermal
satisfaction [5], and for a more detailed and accurate solution a 3D approach is rec-
ommended. Savicki et al., has conducted both static and dynamic CFD simulations
of hot water tanks [6]. Their numerical setup included the Boussinesq approximation
with fully coupled modeling and an implicit time stepping approach. They used a
smaller time step of 0.5 seconds for simulations with higher fluid flow together with
a minimum convergence criterion of 10−6 to converge each time step. To decrease
the computation time, they carried out simulations on a smaller geometry and hence
domain size. Their domain size was 1/4 of the physical geometry when the flow was
slower and 1/2 when the fluid flow was higher and more turbulent.

1.2.1 Purpose
The purpose with this thesis is to give advise and suggestions of how to achieve a well
thought out starting point to carry out resource heavy simulations such as transient
CFD simulations. A well initial setup will minimize the number of simulation runs
to satisfy correlation between numerical and physical results. This will both make it
possible to achieve reliable numerical results faster, the product development process
can be shortened and this will in turn reduce total costs. In the thesis it will be a
discussion of how to decide boundary condition, define the time-marching approach
and how different stopping criteria impact the results. There will also be a discussion
about how trustworthy the results are if symmetry planes are used to decrease the
size of the domain.

1.2.2 Aim
The aim of this work is to develop a robust method for conducting unsteady CFD
simulations, with a particular focus on reducing computation time while maintaining
correlation to experimental data.

1.2.3 Limitations
1. All CFD simulations will be done in 3D due to the complexity of mixing,

buoyancy effects and thermal stratification in the water tank.
2. The design of the tank is fixed and focus will only be given on optimizing the

method to achieve correlation with experimental data and reduce computa-
tional resources.

3. Due to the projects duration of 20 weeks and the limited computer power,
a prioritization of the simulation is to be performed and justified through a
literature analysis.
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2
Theory

2.1 Heat Transfer
Heat transfer is the transfer of thermal energy due to temperature differences. Heat
transfers in three ways, convection, conduction and radiation.

2.1.1 Convection
Convection is heat transported due to a movement of a fluid or gas. Convection
is the sum of diffusion and advection of a fluid. The rate of cooling by convection
is described by Newton’s law of cooling seen in eq. (2.1). h is the heat transfer
coefficient, A is the surface area and ∆T is the temperature difference between the
surface and bulk fluid.

q = hA∆T (2.1)

2.1.2 Natural Convection
Convection can be forced or natural. Forced convection is heat transfer with exter-
nal means and natural convection without external means.

Natural convection starts from a temperature gradient that generate density dif-
ferences and buoyancy. The gravitational force per unit of volume ρg is acting
downwards on each fluid element. The gravitational force is often divided into a
buoyancy term (ρ − ρ∞)g and a hydrodynamic term ρ∞g.

If the density ρ solely varies due to temperature changes, the volumetric thermal
expansion coefficient β can be simplified to:

β ≈ −1
ρ

∆ρ

∆T
= −1

ρ

ρ∞ − ρ

T∞ − T
(2.2)

This can be rearranged as (2.3), which is a simplification called the Boussinesq
approximation.

(ρ∞ − ρ) ≈ ρβ (T − T∞) (2.3)

3



2. Theory

2.1.2.1 The Boundary Layer of Natural Convection

Natural convection of a vertical cylinder can be treated as a vertical plate when the
curvature of a vertical cylinder meet the criteria of:

D

L
⩾

35
Gr1/4 (2.4)

Rayleigh number seen in (2.5) explain the flow behavior of the boundary layer in
natural convection cases. g is the gravitational acceleration, β is the volume ex-
pansion coefficient. L is the characteristic length (the characteristic length is the
height of a vertical cylinder). ν is kinematic viscosity coefficient and α is the thermal
diffusivity.

Ra = gβ∆TL3

να
(2.5)

The Rayleigh number can also be expressed as a product of Grashof number and
Prandtl number. Grashof number (2.6) is the ratio of the buoyancy force to the
viscous force.

Gr = gβ∆TL3

ν2 = Buoyancy force

V iscous force
(2.6)

Prandtl number (2.7) is a dimensionless number of momentum diffusivity and ther-
mal diffusivity.

Pr = ν

α
= µ Cp

κ
(2.7)

Nusselt number in (2.8) is used in laminar natural convection and (2.9) in turbulent
natural convection.

Nu =
{

0.53Ra1/4, if 104 ≤ Ra ≤ 109 (2.8)
0.1Ra1/3, if 109 ≤ Ra ≤ 1013 (2.9)

The Nusselt number can also be expressed for the entire range as:

Nu =

0.825 + 0.387Ra1/6

[1 + (0.492/Pr)9/16]8/27


2

(2.10)

The heat transfer coefficient h can be calculated from the Nusselt number Nu, the
thermal conductivity of the fluid k and the characteristic length of the geometry L:

h = Nu k

L
(2.11)

4



2. Theory

The thermal resistance of convection R is the inverse of of heat transfer coefficient
and surface area:

R = 1
hA

(2.12)

The boundary layer thickness with a temperature profile of a vertical heated plate
with laminar convection is shown in figure 2.1. Both the velocity of the air and
the boundary layer thickness increase with plate height. The temperature of the air
close to the hot plate is equal to the plate temperature and decreases with increased
distance from the plate until it is equal to the temperature of ambient air.

u

T∞

TW

Laminar	
boundary	
layer

Temperature	
profile

Heated	plate

x

y

Figure 2.1: Laminar boundary layer thickness of a heated vertical plate [7]
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2. Theory

2.1.3 Conduction
Thermal conduction is governed by Fourier’s law (2.13). Heat is transferred through
a solid or fluid. Different materials or mediums has different ability to transfer heat.
This is explained by the the material property thermal conductivity, k. dx is the
thickness of the element and dT is the temperature difference of the two sides.

q = −kA
dT

dx
(2.13)

2.1.3.1 Metals and Alloys

The electrons in metals are carriers of electricity and heat [8]. Metals have a large
number of free electrons that are not bound to one position and hence metals are
often a good electrical- and heat conductor. Alloys are a mixture of one or several
metals with other element or elements. Steel, bronze and stainless steel are a few
examples of alloys. An increase in temperature increase the thermal conductivity of
the alloy.

2.1.3.2 Heat-Insulating Materials

Heat insulating materials have low thermal conductivity. Materials used for insula-
tion have a conductivity of 0.25 W/mK or lower [8]. The heat insulating materials
have no free electrons, and the heat is solely transferred through vibrations of the
atoms. Heat insulating materials have discontinuous porosity and the thermal con-
ductivity depend on the material density. A higher density improve thermal con-
ductivity due to a decreased amount of air trapped in the material. Air has poor
heat conductivity compared to the solid material.

2.1.4 Radiation
Radiation is heat transferred from all matter through electromagnetic waves. The
equation for thermal radiation is seen in (2.14). σ is the Stefan–Boltzmann constant,
ε is the emissivity, and T1 is the static temperature of the geometry surface in
Kelvin and T2 is the temperature of surrounding surface in Kelvin. Heat transfer by
radiation has a strong correlation to the temperature of the surfaces. Heat transfer
through radiation can vary significantly due to if the material has been prepared
with a reflective coating [9].

q = εσ(T 4
1 − T 4

2 ) (2.14)

6



2. Theory

2.2 Fluid Dynamics
Continuum assumption state that instead of treating each molecule on its own it is
assumed that the whole fluid varies with temperature, density and pressure. The
continuum assumption can be applied to most fluid mechanics applications and
fluids can then be treated as continuous and mathematically formulated as partial
differential equations (PDE).

2.2.1 Conservation of Mass, Momentum, and Energy
Conservation of mass, momentum, and energy are fundamental concepts of physics.
The continuity equation (2.1) is the mathematical expression of conservation of mass
in a system. The momentum equations (2.2), (2.3), and (2.4) explain that momen-
tum is constant in a closed system. The energy equation (2.5) is the mathematical
representation of the law of conservation of energy.

Continuity Equation, Incompressible Flow:

∇ · v⃗ = 0 (2.1)

The momentum equations are governed by the Navier-Stokes Equations. Below is
the governing equations for incompressible flow in Cartesian coordinates in x,y,z-
direction.

Momentum Equation, x − direction:

ρ

(
∂u

∂t
+ u

∂u

∂x
+ v

∂u

∂y
+ w

∂u

∂z

)
= − (∇P )x + ρgx + µ

(
∇2u

)
(2.2)

Momentum Equation, y − direction:

ρ

(
∂v

∂t
+ u

∂v

∂x
+ v

∂v

∂y
+ w

∂v

∂z

)
= − (∇P )y + ρgy + µ

(
∇2v

)
(2.3)

Momentum Equation, z − direction:

ρ

(
∂w

∂t
+ u

∂w

∂x
+ v

∂w

∂y
+ w

∂w

∂z

)
= − (∇P )z + ρgz + µ

(
∇2w

)
(2.4)

The energy equation (2.5) is the mathematical expression of conservation of energy.
The law of conservation of energy state that energy can not be destroyed, it can
only be transformed from one form to another. The energy equation for thermal
analysis is governed by the first law of thermodynamics, and include kinetic energy,
potential energy and internal energy.

Energy equation:

ρcp

(
∂T

∂t
+ v⃗ · ∇T

)
= ∇ · (k∇T ) (2.5)

7



2. Theory

2.2.2 Laminar and Turbulent Flow
Reynolds number (2.6) describe the flow behavior. Reynolds number is the ratio of
inertia to viscous forces. The flow is laminar for low Reynolds number and turbulent
for high Reynolds number.

Re = ρ · u · L

µ
= u · L

ν
(2.6)
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2. Theory

2.3 CFD
Simcenter STAR-CCM+ discretize the partial derivatives numerically with the finite
volume method (FVM). The governing equations varies depending on the type of
problem.

2.3.1 Governing Equations for Buoyancy-Driven Flow
Natural convection problems are typically solved with governing equations for buoy-
ancy driven flows [4]. For larger temperature differences a varying density approach
is suggested to capture the larger density differences in the fluid. Problems with
smaller temperature differences can be solved with an numerical approximation of
constant density and gravitational force. This approximation is called the Boussi-
nesq approximation and is typically less computational heavy than using varying
density of the flow physics.

2.3.1.1 Varying Density Approach

The polynomial density approach uses a mathematical expression for a flow with
variable-density ρ = ρ(T ).

Continuity Equation, Incompressible Flow:

∂ρ

∂t
+ ∇ · (ρu⃗) = 0 (2.1)

Momentum Equation, x, y, z − direction:

ρ

(
∂u⃗

∂t
+ u⃗ · ∇u⃗

)
= −∇p + ∇ · (µ

(
∇u⃗ + (∇u⃗)T

)
− 2

3µ(∇ · u⃗)I) + ρg⃗ (2.2)

Energy Equation:

ρcp

(
∂T

∂t
+ u⃗ · ∇T

)
= ∇ · (k∇T ) + Φ (2.3)

2.3.1.2 The Boussinesq Approximation

The governing equations are written in three dimensions with Cartesian coordinates
and solved taking into account the following assumptions: Unsteady state, laminar
flow, constant water density with the exception of varying linearly in the buoyancy
term. The equations are coupled and should be solved simultaneously.

Continuity Equation, Incompressible Flow:

∇ · v⃗ = 0 (2.4)
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Momentum Equation, x, y, z − direction:
∂u
∂t

+ (u · ∇)u = − 1
ρ0

∇p + ν∇2u + g β(T − T∞) (2.5)

Energy Equation:
∂T

∂t
+ v⃗ · ∇T = α∇2T (2.6)

2.3.2 The Coupled Flow Solver
The conservation equations of mass and momentum can be solved with a coupled or
segregated approach. The coupled flow model solves the conservation equations of
mass and momentum simultaneously while the segregated flow model solves equa-
tions sequentially. The coupled flow model used together with the coupled energy
model are suited for compressible flows and flows with a dominant source term, e.g.
buoyancy.

2.3.3 Time-Marching Approach
The coupled flow solver use a pseudo-time-marching approach to solve the unsteady
term of the governing equations. This term can be solved with a implicit or explicit
integration scheme.

With the unsteady implicit approach (2.7) a defined number of inner iterations are
solved to converge the solution for each defined time-step. The inner iterations
can be of implicit spatial integration or explicit spatial integration schemes. The
Courant number is used in the calculation of optimal pseudo-time-steps.

Q(0) = Qn[
Γ + 3

2
∆τ
∆t

∂W
∂Q

]
∆Q = ∆τ

{
R(i−1) + 1

2∆t

(
3W (i−1) − 4W (n) + W (n−1)

)}
Qn+1 = Q(m)

(2.7)

With the unsteady explicit approach the same physical time-step is used for all cells
in the domain, however, the time-step varies from one iteration to the next as the
flow field change. The explicit time-step is the minimum satisfied Courant condition
at all points and the Courant number is obligated to be strictly less than 1.

∆t = min︸︷︷︸
∀x

(
CFL V (x)
λmax(x) ,

V NN ∆x2(x)
ν(x)

)
(2.8)

2.3.3.1 The Backward Differentiation Formula Solver

Simcenter STAR-CCM+ uses backward differentiation formulas (BDF) as their
time-dependent solver for unsteady implicit problems. BDF can vary from orders
one to five, with an increased accuracy with a higher order [10]. This can be ex-
plained by expanding Taylor series.
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The Taylor expansion series is shown in (2.9). In this equation, h represents the
spatial step-size and defined as h = xi+1 − xi [10].

f (xi+1) = f (xi) + f ′ (xi) h + f ′′ (xi)
2! h2 + f (3) (xi)

3! h3 + · · · + fn (xi)
n! hn + Rn (2.9)

Rn in (2.10) is the reminder term also called truncation error [10].

Rn = f (n+1)(ξ)
(n + 1)! hn+1 (2.10)

Figure 2.2: Taylor expansion series [10]

The total numerical error is the sum of truncation error and round-off error. Round-
off error when a number of decimals are rounded-off in each solution. Truncation
errors arise from when the mathematical equations are approximated in the nu-
merical solver. A iterative solution will always have a error where the size of the
truncation error are proportional to the order of time step-size.

The truncation error can be reduced by using a smaller step-size whereas the round-
off error cannot be changed. The round-off error can however increase if the step-size
is too small, due to subtractive cancellation.
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Optimum step 
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errorRound-off 

error
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Figure 2.3: Round-off and discretization error [9]
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2.3.4 Boundary Conditions
The boundary conditions state the fluid behavior at the boundaries of the domain.
Using right boundary conditions are required for both fluid and thermal physics.

2.3.4.1 Wall

• No-slip wall: A boundary condition between fluid and solid. No-slip implies
that the fluid boundary layer velocity is equal to the boundary layer velocity.

• Convection wall: A boundary layer condition with a declared heat transfer
coefficient used in the governing equations of fluid flow and energy equation.

• Adiabatic wall: This boundary condition state that no flow or heat is trans-
ferred across a adiabatic wall.

2.3.4.2 Symmetry Plane

A symmetry plane can be used to reduce the size of the computational domain [2].
The symmetry plane mirrors the domain and all normal gradients and normal ve-
locity are zero on the surface of the boundary. Consequently, there is zero flux
across the symmetry plane, and a symmetry plane should only be used when both
geometry and flow is symmetric.

u⃗ · n⃗ = 0,
∂u⃗t

∂n
= 0,

∂ϕ

∂n
= 0 (2.11)

2.3.5 Mesh
A mesh, also called grid is when the geometric domain is discretized into a set of
discrete cell elements. The conservation laws are solved in each cell element, and
therefore will a finer mesh improve the numerical accuracy, with the expense of a
more computational resource heavy solution. The three dimensional mesh typically
consist of a surface mesh, core volume mesh and prism layer mesh.

The surface remesher in STAR-CCM+ consists of triangle shaped cells that define
the CAD geometry and prepare for the volume mesh. The polyhedral mesh is a vol-
umetric mesh for 3D simulations. Polyhedral mesh consists of many unstructured
faces [2]. Some of the polyhedral meshes advantages is the reduced risk of skewed
cells, as well as the reduced number of cells. The many faces of the polyhedral mesh
is also advantageous for solving different patterns of flow gradients.

The prism layer mesh create inflation layers at the boundaries of the domain [2].
When the flow variables changes rapidly normal to the boundaries, prism layers
improve resolution with a lower number of cells.
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2.3.5.1 Mesh Quality

The solver is highly dependent on the quality of the mesh [2]. A mesh of poor
quality can result in operational inefficiencies and reliability issues. A mesh with a
higher number of skewed cells, or a mesh with a few highly skewed cells can result
in convergence issues. Convergence issues can also arise due to rapid changes in cell
size or cells with a high aspect ratio. Geometries with sharp corners or small angles
always has a high risk of generating cells with high skewness, it is therefore advised
to cut and smooth corners of the geometry before generating a mesh.

2.3.5.2 Mesh Independent Study

A mesh sensitivity study or also called mesh independence study show the solver’s
numerical independence of the solution. There are different approaches to execute
the independence study. Typically, a new simulation is conducted with a increased
grid resolution [2]. If the solution is significant different compared to the previous
solution, another simulation is conducted with a finer grid. This is repeated until
no larger changes is seen.
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Methods

3.1 Experimental Test
The experimental data is gathered from a experimental test called standing heat-
loss test, executed according to SIS standard [11]. The water inside the tank was
heated to a fixed temperature, and when a uniform temperature had been achieved
the tank was left to cool down. As the tank cooled down the temperature was
monitored every 10 seconds of the uninsulated tank and every 60 minutes of the in-
sulated tank. As shown in figure 3.1, four sensors were monitoring the temperature
inside the tank and four sensors on the outside of the tank. To capture the thermal
stratification, the sensors were placed on different tank heights. Two sensors were
also placed inside the room to measure the room temperature.

The sensors used for monitoring temperatures had an error of 0.5 °C. The tank is a
vertical cylinder, the vessel of the tank is of stainless steel and the heat insulation
material is of polyurethane (PUR).

Figure 3.1: Vertical cylinder with temperature sensors placed on different heights
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3.2 Initial Calculations
Before the simulation setup, a few analytical one-dimensional steady state calcu-
lations were performed to obtain an overview of how different parameters of heat
transfer impact the results. The initial calculations were carried out on a vertical
cylinder with the assumption that the curvature is small enough to approximate it
as a vertical plate. Other assumptions had to be made as well since the experimen-
tal test lacked sensors measuring the temperature on the inside of the stainless steel
wall as well as outside on the insulated surface in the insulated tank case. Precise
values of the material properties such as thermal conductivity and thermal emis-
sivity were also unknown and estimated values were extracted from other material
data bases. The real insulated tank had a square shaped insulation surrounding the
vertical cylinder tank, and hence the insulation thickness is discontinuous. In the
analytical calculations, the thickness was however assumed to be an added layer of
material outside of the stainless steel solid.

Figure 3.2 shows a schematic figure of a vertical cylinder with thermal resistances.
T1 is the water temperature at the start of the experimental test, T1s is the assumed
inner wall temperature, T2s is the outer wall temperature and T∞ is the ambient air
temperature. k is the thermal conductivity, and r1 and r2 are the inner and outer
radius of the solid. Heat loss Q was calculated with a total resistance Rtot. The
equations for thermal resistance are found in Appendix A.

L 𝑟"
𝑟#

𝑇"

𝑇%
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𝑅()*+,- 𝑅()*.
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Figure 3.2: Thermal resistance
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3.2.1 Sensitivity of Initial Calculations
Each heat transfer method from the inside of the tank to the outside of the tank
were approximated as a thermal resistance and combined as a total thermal resis-
tance Rtot. Each resistance Rconv, Rcond and Rrad were calculated individually with
temperatures measured at the start of the experimental test. The resistances in
series Rconvi

and Rcond were then added together with a parallel resistance of Rrad

Rconvo . This total resistance Rtot was used to calculate heat transfer Q. The hot
water T1 and ambient air Tamb was used for ∆T .

This calculated heat transfer value is called Qbefore in the sensitivity study of resis-
tances. One thermal resistance at a time was multiplied with a factor of 2, and as
well as divided with 2, with all other resistances unchanged. This new resistance
Rafter was used in the calculation of a new Rtot, and this new Rtot was used to
calculate a new value of heat transfer Q called Qafter. Qbefore and Qafter was then
used to calculate the percentage change in heat transfer. This was done one at a
time for all resistances.

The Rayleigh number as well as the heat transfer coefficient of convection hconv de-
pends on the characteristic length L i.e. the tank height. Calculations with a L of
0.9, 0.7, 0.5, 0.3, 0.1 meters were carried out to see how hconv and Q were impacted
by different tank heights. Rrad was also calculated at each height to be able to
compare its impact on total heat loss. A new Rtot and Q was calculated at each
height.

Additional calculations were also carried out where each method of heat transfer
were approximated as a heat transfer coefficient h and added together as a overall
heat transfer coefficient U . The results of these calculations are found in Appendix B.
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3.3 Geometry
ANSA is a tool specifically used for pre-processing [12]. ANSA can be used for
all pre-processing stages, however, in this problem ANSA was only used as a CAD
clean-up tool to prepare the geometry for mesh and boundary settings in STAR-
CCM+.

The work of CAD-cleanup include removing overlapping parts, to smooth surfaces
and close gaps. This is done to improve the workflow of the later stages of the
CFD process. If the CAD cleaning is performed badly, problems with meshing as
well as convergence issues can occur. A well cleaned CAD will also result in more
efficient file that require less CPU and memory. The mesh quality decreases if the
geometry consists of sharp corners and other small angles. The provided CAD for
the uninsulated tank had details such as screws, gasket and a bracket that caused
poorly shaped cells and consequently decrease the mesh quality. These details were
assumed to have insignificant contribution to the simulated results and they were
therefore removed to achieve an improved mesh quality and a simpler geometry.
The uninsulated tank after CAD-cleaning is shown in figure 3.3b. The geometry
was checked for gaps and other geometric issues before it was saved and imported
to STAR-CCM+.

Figure 3.3a shows the insulated tank geometry. This geometry was not used due
to a large amount of details resulting in a poor-quality mesh. It also requires a
large amount of cells that increase computation time. The uninsulated tank ge-
ometry shown in figure 3.3b was used for both the insulated and uninsulated tank
simulations.

(a) Insulated tank (b) Uninsulated tank

Figure 3.3: Geometries of insulated and uninsulated tank
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3.4 CFD Process
Simulations of both the uninsulated and insulated tank had been performed before at
NIBE. The results were unsuccessful and the numerical setup was therefore reworked
with a particular focus on improving the numerical results. The results from the
previous setup was used as a benchmark to verify that the simplifications in the
reworked version did not alter the results.

Figure 3.4 is a visual presentation of the numerical method. The geometry is first
cleaned and meshed, material properties are set, settings for solver and boundary
conditions as well as the solution. The results after running a simulation was com-
pared to experimental data and if the correlation is weak, a new process was setup
and new runs was iterated until satisfied correlation.

Geometry
•	CAD	cleaning	in	ANSA

Mesh
•	Generate	mesh

Setup
•	Material	and	fluid	properties
•	Solver	setting	
- Variable	density
- Boussinesq	

approximation
•	Boundary	conditions

Solution
•	Computational	algorithm
•	Discretization	method
•	Time	step
•	Stopping	criteria	
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Figure 3.4: Numerical method [13]
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As in the experimental setup four monitors were placed on the same tank heights
in the middle of the tank and four on the outside of the tank wall. The reworked
numerical setup included a change in boundary condition, solver setting, and time-
marching approach. From the literature analysis, the flow was assumed to be laminar
and the numerical approach was initially solved with a fully coupled approach.

A table including the options of governing equations as well as boundary condition
of both uninsulated and insulated model is shown in table 3.1. Constant h stands for
a using a single heat transfer coefficient value on the convective boundary condition.
Height h stands for a convective boundary condition with different heat transfer co-
efficients on different heights of the tank and Constant h + Height h is the combined
heat transfer coefficient of convective heat transfer coefficient and radiation. The
table included a numerical setup of either the polynomial density used for problems
with larger temperature differences and the Boussinesq approximation for problems
with smaller temperature differences. A decision tree was then used to decide in
which order to try out the modeling options.

Table 3.1: Options of different setups

SIM ID Governing equations h [W/m2K]

P1 Polynomial density Constant
P2 Polynomial density Height
P3 Polynomial density Constant + Rad
P4 Polynomial density Height + Rad

B1 Boussinesq approximation Constant
B2 Boussinesq approximation Height
B3 Boussinesq approximation Constant + Rad
B4 Boussinesq approximation Height + Rad
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3.4.1 Uninsulated Tank
The geometry was split two times to reduce the domain and thus cell count. Simu-
lating on 1/4 of the geometry decreases computational time and memory. The z-axis
was aligned in the center of the tank, one symmetry plane was aligned in the x = 0
and the other in y = 0. The geometry is shown from the side and top in figure 3.5.
The pink color is the fluid region and the gray solid region. To validate that a 1/4
domain did not change the simulated results a comparison of the simulated results
between the whole domain and 1/4 domain was carried out. The comparison showed
no numerical changes between the simulations and thus all further simulations made
was with the 1/4 geometry.

(a) Side view of 1/4 geometry (b) Top view of 1/4 geometry

Figure 3.5: 1/4 geometry

Next comparison was between a setup using the Boussinesq approximation and the
polynomial density. The numerical results showed no change between the simula-
tions and since the Boussinseq model is less computer heavy, all further simulations
carried out was with 1/4 geometry and the Boussinesq model.

To improve correlation between numerical results and experimental data the focus
was to change the heat transfer coefficient value on the convection boundary con-
dition. The original model used a constant heat transfer coefficient of 5 W/m2K.
A constant heat transfer coefficient of 4.2 W/m2K was carried out before using a
approach of different heat transfer coefficients on different tank heights.
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Figure 3.6 shows the decision tree of in which order to carry out the setups of the
uninsulated tank. A comparison was first carried out between using a variable den-
sity approach with polynomial density to the Boussinesq approximation. After that,
two simulations were carried out between using a constant heat transfer coefficient
Const h, to different heat transfer coefficients based on tank height Height h. If cor-
relation to experimental data still is not satisfied, next is to also include radiation
in the simulation.

¼	Geometry

Polynomial
density

Boussinesq	
approximation

Const	h

Const	h	+	
Radiation

Height	h

Height	h	+	
Radiation

Const	h Height	h

Height	h	+	
Radiation

Const	h	+	
Radiation

Figure 3.6: Decision tree, uninsulated tank
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3.4.1.1 Simulation Setup

Table 3.2 shows the final numerical setup of fluid and solid continua. The Boussinesq
model was selected after constant density and gravity had been selected. Implicit
unsteady and the fully coupled solver was chosen because of its stability and rec-
ommendation for buoyancy driven flow, and with zero initial flow, the fluid was
assumed to be laminar. Solution interpolation provide the function of mapping all
of the solution data to the next mesh. The reference values for gravity term was
assumed to be 9.81 m/s2 and the atmospheric pressure was set to 101325 Pa.

The initial conditions of water included a fixed static temperature T , and a initial
velocity u as zero in every position. Density, dynamic viscosity, specific heat, ther-
mal conductivity and thermal expansion coefficient was added accordingly to the
water temperature.

The stainless steel was assumed to have a density ρ of 7850 kg/m3, specific heat Cp

of 480 J/kgK and a thermal conductivity κ of 23 W/mK.

Table 3.2: Continua of uninsulated tank
Continua Physics Setup

Fluid: Water

Boussinesq model
Constant density
Coupled Energy
Coupled Flow
Gradients
Gravity
Implicit Unsteady
Laminar
Liquid
Solution Interpolation
Three Dimensional

Solid: Stainless Steel

Constant Density
Coupled Solid Energy
Gradients
Implicit Unsteady
Solid
Solution Interpolation
Three Dimensional
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3.4.2 Insulated Tank
Similar as in the case of the uninsulated tank, previous simulations on the insulated
tank showed unrealistic results. Which parameter causing the unrealistic results was
unknown.

The tank geometry with insulation had many details which caused irregular and
deformed cells. Each detail also required a different boundary condition, and the
number of cells increased considerably with the added insulation. The choice was
therefore to use the same geometry as before and change continua and boundary
conditions. An additional positive aspect with this choice was that no time had to
be spent on CAD-cleaning.

Figure 3.7 shows the decision tree of the insulated tank. The polynomial density
was removed as an alternative since the Boussinesq model had been established to
work in the previous uninsulated tank simulations.

Figure 3.7: Decision tree, insulated tank
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3.4.2.1 Simulation Setup

To include material properties of the insulation material PUR, the solid was selected
as multi-component solid. This choice made it possible to add properties of both
stainless steel and PUR.

The density of polyurethane was assumed to be 25 kg/m3, the thermal conductivity
0.025 W/mK and the specific heat was assumed to be 0. The material properties of
stainless steel was unchanged from previous simulation.

Table 3.3: Continua of insulated tank
Continua Physics setup

Fluid: Water

Boussinesq model
Constant density
Coupled Energy
Coupled Flow
Gradients
Gravity
Implicit Unsteady
Laminar
Liquid
Solution Interpolation
Three Dimensional

Solid: Stainless Steel
+ PUR

Constant Density
Gradients
Implicit Unsteady
Multi-Component Solid
Multi-Part Solid
Segregated Solid Energy
Solution Interpolation
Three Dimensional
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3.5 Sensitivity Study
When the results from the simulations were correlated to the experimental data, a
sensitivity study of the mesh and time-marching was carried out. A mesh study is
important for achieving independent numerical results and the time-step study was
performed with the purpose of minimizing the computational time.

3.5.1 Mesh Study
The wall on the inside of the tank has the largest changes in fluid movement. When
a mesh diagnostics was run on the original mesh the skewness angle was often over
85%, which is a mesh of poor quality. The main focus was therefore to improve the
resolution at the boundaries and decrease the skewness angle. Since the computer
resources was limited, the mesh study was carried out with an additional two dif-
ferent setups of mesh. The details of mesh setups are seen in 3.4.

The mesh study was carried out with a time-step size of 1 s with the 2-nd order
temporal scheme.

Table 3.4: Mesh study setup
Mesh Original Mesh Fine Mesh Finer Mesh
Base Size [m] 0.05 0.04 0.04
Target Surface Size [m] 0.05 0.02 0.02
Minimum Surface Size [m] 0.01 0.01 0.005
Thin Layers [n] 4 4 6
Prism Layer [n] 3 9 18
Cell count [n] 32186 52365 105039
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3.5.2 Time-Step Study
Selecting a new time-step size that did not alter the results began by running the
simulation locally on the computer with a few cores and changing settings on the
fly. While different time-step settings were changed, quantities such as temperature,
temperature gradient and the simulation residuals were observed visually to see how
the system responded.

The implicit approach uses a pseudo time-step where each time-step are iterated
a number of times to converge each time-step solution. Not enough iterations will
push the right solution forward and transform the results and too many iterations
will increase computation time and resources. To reduce the computation time, it
was therefore decried to have the largest time-step size with the lowest number of
inner iterations (pseudo time-step) for each time-step.

The time-step study included a comparison of different time-marching approaches
such as a fixed time-step, a multi time-step approach, as well as a minimum conver-
gence stopping criteria. The time-step study also included a comparison between
how the system responded to a implicit temporal scheme of 1st-order versus 2nd-
order. A selected number of tested time-marching cases are found in table 3.5.

Table 3.5: Time-marching study

Case 1 Case 2 Case 3 Case 4

1st-order
Step: 0.5 s

Inner Iter: 15

1st-order
Step: 2 s

Inner Iter: 25

2nd-order
Step: 4 s

Inner Iter: 15

2nd-order
Step: 1 s

Conv Crit: 10−4

Case 5 Case 6 Case 7 Case 8

2nd-order
Step: 4 s

Conv Crit: 10−6

2nd-order
4 s < Step < 15 s
Inner Iter: 15–35

1st-order
Step: 5 s

Inner Iter: 50

2nd-order
4 s < Step < 50 s
Inner Iter: 15-50
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4
Results and Discussion

4.1 Initial calculations
The sensitivity of each assumed material property was tried out though a sensitiv-
ity analysis where each method of heat transfer were approximated as a thermal
resistance and multiplied and divided by 2. The results are seen in table 4.1, where
the first column shows the resistance R with the calculated analytical value and the
fifth column the sensitivity to a change in the analytical value relatively to total
heat loss Q.

Stainless steel on the second row has the lowest thermal resistance and a change
in its material property has negligible contributing factor to the total heat loss.
Heat transfer through convection from the surrounding air on the third row has the
most sensitivity to the assumed value and thermal radiation on the fourth row is
secondly most sensitive to its assumed value. If the correlation between experimental
and numerical results is weak, a change in the assumed heat transfer coefficient or
assumed emissivity of stainless steel will have the most substantial change of the
numerical results.

Table 4.1: Sensitivity of the calculated analytical thermal
resistance, uninsulated tank

Rbefore Rnew Qbefore Qafter % change

0.007 Rconvi
/ 2 98.70 100.20 1.51

Rconvi
× 2 98.70 95.85 2.89

0.0007 Rsteel / 2 98.70 98.85 0.15
Rsteel × 2 98.70 98.42 0.30

0.3 Rconvo / 2 98.70 168.71 70.92
Rconvo × 2 98.70 62.40 36.78

0.9 Rrad / 2 98.70 122.28 23.88
Rrad × 2 98.70 86.78 12.09
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Table 4.2 shows the sensitivity analysis results of the insulated tank. The heat
insulating material PUR on the third row has the highest thermal resistance and
the largest sensitivity to its assumed value. A change in the material property will
have the largest change of the numerical results.

Table 4.2: Sensitivity of the calculated analytical thermal
resistance, insulated tank

Rbefore Rnew Qbefore Qafter % change

0.0065 Rconvi
/ 2 15.04 15.06 0.21

Rconvi
× 2 15.04 14.97 0.43

0.00063 Rsteel / 2 15.04 15.03 0.02
Rsteel × 2 15.04 15.02 0.04

1.36 RP UR / 2 15.04 27.01 44.37
RP UR × 2 15.04 7.96 88.73

0.64 Rconvo / 2 15.04 168.71 2.22
Rconvo × 2 15.04 15.37 2.22

0.22 Rrad / 2 15.04 15.76 4.60
Rrad × 2 15.04 14.13 6.37

As heat is lost from the tank to the surrounding air, the air close to the tank heats up
and flows up along the tank surface, creating a boundary layer between warmer tank
temperature and cooler ambient air. The analytical calculations based on various
tank heights are shown in table 4.3. Rtot is the total thermal resistance, calculated
from the inside of the tank to the outside. An increase in tank height increases
thermal resistance Rtot and this suggests that the main heat loss occur in the lower
tank region which is also seen in column Qtot. Rconvo is the resistance by air on the
tank. The air flow increases with tank height and turns from laminar to turbulent
natural convection.

Table 4.3: Heat loss, uninsulated tank based on the char-
acteristic length

L Air F low Rconvo Rrad Rtot Qtot

0.9 Turbulent 0.30 0.91 0.23 98.71
0.7 Turbulent 0.30 0.91 0.23 98.71
0.5 Laminar 0.28 0.91 0.22 102.62
0.3 Laminar 0.25 0.91 0.20 112.86
0.1 Laminar 0.19 0.91 0.16 139.52
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Heat is mainly lost from the lower tank regions. This is a result of buoyancy and
circulating air. Heat loss through thermal radiation is expected to have a larger
contributing factor in the higher tank regions as the experimental test and simula-
tion progress. The density differences between warmer and colder fluid will result
in a temperature layering, the higher up in the tank the higher temperature. How-
ever, the small temperature difference between higher and lower tank regions is most
likely to have a limited impact.

As the water temperature decreases the driving force of convective heat loss will
decrease and it is possible that thermal radiation will have a larger contributing
factor in the end of the transient simulation. The analytical calculations are solely
based on temperatures at the start of the experimental test when the water is the
warmest. The time dependent heat loss is therefore not visible in the presented
analytical calculations.

The analytical calculations based on various tank heights of the insulated tank are
shown in table 4.4. The air flow is laminar in every tank height. Even though the
convective resistance is different on different tank heights, the total heat loss Qtot in
the fifth column varies very little. The reason for this is in all likelihood the larger
resistance of the insulating material.

Table 4.4: Heat loss, insulated tank based on the charac-
teristic length

L Air F low Rconvo Rrad Rtot Qtot

0.9 Laminar 0.66 0.22 1.53 15.02
0.7 Laminar 0.62 0.22 1.53 15.04
0.5 Laminar 0.57 0.22 1.52 15.08
0.3 Laminar 0.50 0.22 1.52 15.14
0.1 Laminar 0.38 0.22 1.51 15.28

Another difference between the uninsulated and insulated tank is the amount of heat
loss through thermal radiation. The resistance of radiation Rrad in the third column
in figure 4.4 is always lower than the convective resistance of air Rconv. This result is
opposite compared to the uninsulated tank in figure 4.3 where radiation has higher
resistance. The analytical calculations show that heat loss through radiation has
a more significant impact on total heat loss when the tank has insulated surfaces.
The insulation was of dark color and the emissivity has thus a larger value. Adding
a reflective coating with a lower emissivity on top of the dark insulation can lower
the heat loss from thermal radiation.
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4. Results and Discussion

4.2 Simulation Results
All figures with simulated results show the numerical results from the simulations
in blue and the experimental data in yellow. The horizontal axis is the physical
time and the vertical axis temperature. The water temperature is measured on four
different tank heights, TA, TB, TC and TD. The first section shows the numerical
results for the uninsulated tank and the second section shows the numerical results
for the insulated tank.

4.2.1 Uninsulated Tank
The numerical results of the uninsulated tank include figures of:

1. Constant heat transfer coefficient
2. Constant heat transfer coefficient plus radiation
3. Different heat transfer coefficient for different heights of the tank
4. A comparison between the whole physical domain to the 1/4 domain size

4.2.1.1 Constant Heat Transfer Coefficient

Figure 4.1 shows the numerical results of a constant convective heat transfer coef-
ficient h of 5 W/m2K. The temperature in point, TA, TB, TC, drop too fast and
this suggest that a h of 5 W/m2K is too high. However, point TD which measures
the temperature in the lower tank region drop too slow compared to experimental
data and the h should hence be higher in the lower tank region. The results of a
constant h of 4.3 W/m2K is found in Appendix C.
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(a) Point TA
High Tank Region

(b) Point TB
Middle Tank Region

(c) Point TC
Middle Tank Region

(d) Point TD
Low Tank Region

Figure 4.1: hconv = 5 W/(m2·K)
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4. Results and Discussion

4.2.1.2 Constant Heat Transfer Coefficient + Radiation

The numerical results of adding radiation to a constant h of 3.5 W/m2K is shown
in figure 4.2. The only measuring point to follow the experimental curve is TD, the
rest of the sensors drop too quickly and a lower h is required in the higher tank
regions.

(a) Point TA
High Tank Region

(b) Point TB
Middle Tank Region

(c) Point TC
Middle Tank Region

(d) Point TD
Low Tank Region

Figure 4.2: hconv = 3.5 W/(m2·K), and hrad = 1.0 W/(m2·K)
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4. Results and Discussion

4.2.1.3 Different Heat Transfer Coefficient

The correlation between numerical and experimental results improved with the ap-
proach to use different heat transfer coefficients on different heights of the tank,
see figure 4.3. A heat transfer coefficient h of approximately 3.5 W/m2K was used
on points TA, TB, TC, and a higher value of 5.5 W/m2K was used for point TD.
There is a small deviation between numerical and experimental data in the end of
the simulations of points TA, TB, TC. A higher h caused the temperatures to drop
below the experimental line and therefore, an alternative to improve correlation is
to carry out additional simulations where radiation is also included. Also, a change
of heat transfer coefficient in point TD with all other unchanged affected the results
significantly on all of the points TA, TB, TC and TD.

(a) Point TA
High Tank Region

(b) Point TB
Middle Tank Region

(c) Point TC
Middle Tank Region

(d) Point TD
Low Tank Region

Figure 4.3: Different hconv on different heights of 3.5 and 5.5 W/(m2·K)
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4. Results and Discussion

4.2.2 Symmetry Plane on Uninsulated Tank

(a) Whole domain (b) 1/4 domain

Figure 4.4: Comparison of simulation results between whole domain and 1/4
domain, uninsulated tank

Figure 4.4 shows a comparison of point TA between the numerical results of a
whole domain and a reduced domain size. The results show insignificant differences,
however, the solver shows to have instability issues approximately in the middle of
the blue line on the 1/4 domain in figure 4.4b.

Figure 4.5: Zoom-in on solver instability (blue line) of uninsulated 1/4 tank
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A zoom-in of the instability in 4.4b is shown in figure 4.5. Since this instability is
solely visible for monitor TA, turbulent fluid flow could be the the reason to this
issue. It is possible that a finer mesh could improve capture of fluid pattern and
improve solver stability.

The fluid velocity and fluid pattern at the end of the numerical simulation is seen
from different perspectives in 4.6. The higher fluid velocities in red as well as
turbulent pattern is solely seen in the top regions of the tank.

(a) Fluid velocity
Scalar view

(b) Fluid velocity
Vector field view

(c) Fluid velocity
Vector field view 1/4

sections

Figure 4.6: Fluid velocity, uninsulated tank

The red parts have a fluid velocity approximately between 4 to 6 mm/s and the blue
parts 0 mm/s. The fluid velocity in vertical z-direction is hence significantly higher
compared to x and y-direction. The third figure 4.6c is a vector field of the fluid
pattern for each measuring point TA, TB, TC, TD. The turbulent fluid pattern in
TA is stronger compared to regions below. The red parts are stronger on one side of
the symmetry plane compared to the other. This could indicate that the symmetry
planes disrupt fluid flow.
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4. Results and Discussion

Figure 4.7 shows a larger view of the fluid pattern of plane section TA of the unin-
sulated tank. The red arrows is the fluid with larger fluid velocity and these red
arrows mainly points downwards in the z-direction, along the tank walls.

Figure 4.7: 1/4 plane section of TA
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4. Results and Discussion

4.2.3 Insulated Tank
Insulating the tank surfaces decreases rate of heat loss and as seen in figure 4.8, the
experimental data line in yellow is very similar in all of the temperature points and
as well linear.

Changing the thickness of the insulation has a large impact on the thermal resistance
and as the geometry used for simulations has a thinner solid a parameter that
controls heat transfer must be changed to compensate for the lower resistance. A
lower h of 1 W/m2K or an increase in thermal resistance made the total heat loss
equivalent to a geometry with thicker solid. Figure 4.8 shows the numerical results
of point TA, TB, TC, TD when using a h of 1 W/m2K.

(a) Point TA
High Tank Region

(b) Point TB
Middle Tank Region

(c) Point TC
Middle Tank Region

(d) Point TD
Low Tank Region

Figure 4.8: hconv = 1 W/(m2·K)
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4.2.4 Symmetry Plane on Insulated Tank
Figure 4.9 shows a comparison between the numerical results of the whole domain
and 1/4 domain size. No solver instabilities or numerical differences could be seen
between simulations on the whole domain and 1/4 of the domain. This can be
explained by a reduced rate of heat loss, which in turn make the the fluid flow
slower and less turbulent.

(a) Whole domain (b) 1/4 domain

Figure 4.9: Comparison between simulated results of the whole domain and 1/4
domain, insulated tank

The fluid pattern of the insulated tank is identical to the uninsulated tank. A
scalar view and vector field view of the insulated tank’s fluid pattern can be seen
in Figure 4.10. The red parts represents a fluid maximum velocity of 1 to 2 mm/s
compared to 6 to 4 mm/s in the uninsulated tank simulations.
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4. Results and Discussion

(a) Scalar view of
fluid velocity

insulated tank

(b) Vector field view
of fluid velocity
insulated tank

Figure 4.10: Fluid velocity of insulated tank at the end of the experimental test

4.2.5 Mesh Sensitivity Study
It was not possible to perform a well executed mesh sensitivity study due to the
limited computational resources. When mesh is refined the number of cells increase,
a larger cell count make the simulations heavier. A finer mesh also requires a smaller
time-step due to a change in the travel distance of the fluid. This additionally
increases the the required computational resources.
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4. Results and Discussion

4.3 Final Setup
Table 4.5 is a summary of the original and reworked uninsulated tank setup. A
constant heat transfer coefficient on the outer tank wall did not correlate with the
experimental data. Radiation and a constant heat transfer coefficient did improve
the correlation to some degree, however using different heat transfer coefficients
on different heights of the tank improved correlation significantly. The 2nd-order
implicit scheme made it possible to use a larger time-step and this reduced the overall
computation time. However, a higher order of 4 or 5 slowed the solver significantly.
A multi-time marching approach combined with a minimum convergence criterion
of 10−6 had the best reduction of computation time while providing results that
correlated to experimental data.

Table 4.5: Original and reworked numerical setup, uninsulated tank
Original Reworked

Geometry 1 1/4
Gov. equations Polynomial density Boussinesq approx
Conv. BC Constant: 5 Different, height
Temporal scheme 1st-order 2nd-order
Step size Constant: 0.5 s Multiple: 4 s to 25 s
Stop crit Inner It: 15 Conv crit: 10−6 + Min Inner It: 4
Computation time 700 cores, 48 hours 4 cores, 1 hour
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4. Results and Discussion

Table 4.6 is a summary of the original and reworked insulated tank setup. This sim-
ulation required a constant step size as well as a different approach to the pseudo
time-step stopping criteria. When a multi time-step approach was used, the nu-
merical results showed nonphysical results since the temperature did not decrease
sufficiently when the time-step increased. A large time-step increases the trunca-
tion error and with a relatively constant temperature gradient, a constant time-step
provided the best accuracy of true physical results. This simulation also required a
different stopping criteria. A tight minimum convergence criterion of 10−6 was too
slow to converge each time-step while a minimum convergence criterion of 10−4 did
not provide sufficiently converged solutions. The final time marching approach used
a convergence criterion of 10−5 with an increased number of minimum inner itera-
tions. Increasing the minimum number of inner iterations avoids temporary issues
such as constant satisfied convergence criterion. The constant satisfied continuity
criterion is most likely also related to a very slow fluid flow.

Table 4.6: Original and reworked numerical setup, insulated tank
Original Reworked

Geometry 1/2 1/4
Gov. equations Polynomial density Boussinesq approx
Conv. BC Constant Constant
Temporal scheme 1st-order 2nd-order
Step size Constant: 0.5 s Constant: 4 s
Stop crit Inner It: 15 Conv crit: 10−5 + Min Inner It: 15
Computation time N/A 4 cores, 2 hours
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5
Conclusion

The analytical calculations can be used to understand the physics of thermal be-
havior but they can not be treated as true or exact values. In this work they gave
an initial value of the convection boundary condition. They also gave direction to
what is of importance in situations of uncertainty such as correct material data and
simplifications. The analytical calculations showed the relevance of different heat
transfer coefficients on different heights of the uninsulated tank when the numerical
results is to be correlated to an exact local temperature. An air domain can be
used instead of a convective boundary condition. This approach is advantageous in
situations where exact physical results are desired, or to visualize the air flow on the
outside of the tank. The downside is however a larger number of cell elements and
hence computation-time.

The 2nd-order implicit scheme made it possible to use a larger time-step and this
reduced the overall computation time. However, a higher order of 4 or 5 slowed
the solver significantly. A multi-time marching approach combined with a minimum
convergence criterion had the best reduction of computation time while providing
results that correlated to experimental data. This approach however varies greatly
from case to case and larger time-steps approximates solutions and thus this ap-
proach is not advised if the goal is to have simulations with numerical independence.
The insulated tank required a constant time-step, this is opposite to the uninsulated
tank where a multi-time-stepping approach could be used. The reason for this is
likely due to the slower rate of heat loss and as well constant temperature gradient.

A common approach to reduce the computation time is to decrease the domain size
by using symmetry planes. Symmetry planes can however disrupt fluid flow and
alter the numerical results. To remove any uncertainties of a reduced domain size
it’s advised to do a comparison between the results from the whole domain to the
reduced size. This approach can also be used in other cases of uncertainties, such
as governing equation approximations of the Navier-Stokes equations.

The simulations with 1/4 of the geometry, the Boussinesq approximation, a multi-
time-stepping approach and a minimum convergence criterion reduced the compu-
tation time with several hours when all other parameters was unchanged. However,
if the solution is to be numerical independent the expected computation time is to
be greatly increased. This work included two cases with slow flow velocity, problems
with higher fluid flow and turbulence will require a smaller time-step and possible
also a stronger stopping criteria.
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5. Conclusion

5.1 Future Work
Future work could include a investigation of:

• Dynamic mode simulations of the tank. This could include discharge and
charging of the tank as well as a comparison of fluid flow and thermal strat-
ification with and without a turbulence plate. The turbulence plate act as a
barrier decreasing turbulence and mixing. This has shown to improve strati-
fication and efficiency.

• STAR-CCM+ functions. STAR-CCM+ has several functions that make sim-
ulations more efficient. For example, stages make it possible to initialize a
temperature gradient before starting a transient simulation. This function
make it possible to use a larger time-step size from start. The simulation
operation loop is a function that can be used to solve fluid and solid sepa-
rately. This is advantageous in problems dominated by thermal conduction
heat transfer since heat travels slower in materials.

• Simulations with a smaller geometry. It was not possible to do greater reduc-
tions than 1/4 of the physical geometry for 3D-simulations in STAR-CCM+.
The geometry can however first be split in ANSA and then inserted to STAR-
CCM+. It is possible that a smaller geometry will transform the simulated
results. However, simulations with a smaller geometry will reduce computation
time and therefore, smaller deviations between experimental and simulated re-
sults be accepted if the gain of computation time is large enough.

• Mesh sensitivity analysis.
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A
Appendix 1

Equations of thermal resistance of a vertical cylinder:

Rconv = 1
2πrLhconv

(A.1)

Rcond = ln(r2/r1)
2πLk

(A.2)

Rrad = 1
2πLhrad

(A.3)

Rcomb = Rconv Rrad

Rconv + Rrad

(A.4)

Rtot = Rconv + Rcond + Rconv Rrad

Rconv + Rrad

(A.5)

Q = (T1 − T∞)
Rtot

(A.6)

Equations of heat transfer coefficients of a vertical cylinder:

hcond = ln(r2/r1)
k

(A.7)

hrad = εσ(T1 + T2)(T 2
1 + T 2

2 ) (A.8)

hcomb = hconv + hrad (A.9)
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B
Appendix 2

Table B.1: Sensitivity of the calculated analytical heat trans-
fer coefficients, uninsulated tank

hbefore hnew Qbefore Qafter % change

156 hconvi
/ 2 98.92 96.25 2.70

hconvi
× 2 98.92 100.31 1.41

1533 hsteel / 2 98.92 98.64 0.28
hsteel × 2 98.92 99.06 0.14

3.35 hconvo / 2 98.92 62.49 36.83
hconvo × 2 98.92 169.34 71.19

1.11 hrad / 2 98.92 86.94 12.11
hrad × 2 98.92 122.61 23.94

Table B.2: Sensitivity of the calculated analytical heat trans-
fer coefficients, insulated tank

hbefore hnew Qbefore Qafter % change

152.40 hconvi
/ 2 17.48 17.41 0.39

hconvi
× 2 17.48 17.52 0.19

1590 hsteel / 2 17.48 17.47 0.04
hsteel × 2 17.48 17.48 0.02

0.68 hP UR / 2 17.48 9.35 46.53
hP UR × 2 17.48 30.94 77.01

1.22 hconvo / 2 17.48 17.16 1.83
hconvo × 2 17.48 17.94 2.64

3.50 hrad / 2 17.48 16.28 6.90
hrad × 2 17.48 18.47 5.65
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B. Appendix 2

Table B.3: Heat loss uninsulated tank based on
the characteristic length

L hconvo hrad U Qtot

0.9 3.35 1.11 4.32 98.92
0.7 3.35 1.11 4.32 98.92
0.5 3.53 1.11 4.49 102.85
0.3 4.01 1.11 4.94 113.14
0.1 5.28 1.11 6.11 139.95

Table B.4: Heat loss insulated tank based on the
characteristic length

L hconvo hrad U Qtot

0.9 1.18 0.22 0.59 17.46
0.7 1.26 0.22 0.59 17.50
0.5 1.37 0.22 0.60 17.55
0.3 1.56 0.22 0.60 17.63
0.1 2.05 0.22 0.60 17.82
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Appendix 3

(a) Point TA
High Tank Region

(b) Point TB
Middle Tank Region

(c) Point TC
Middle Tank Region

(d) Point TD
Low Tank Region

Figure C.1: hconv = 4.3 W/(m2·K)
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