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Abstract

This thesis uses a CFD model of an electric water heater tank(EWHT) to investigate the
stratification in the tank during different discharge experiments. Stratification in a tank
happens naturally as hot water rises to the top and cold water sinks to the bottom, due
to the difference in density of the water based on the temperature. The simulation found
that for higher discharges the stratification becomes better and it is possible to extract
more hot water from the tank than at lower discharges. Although the simulation built in
this study can simulate all operations of the tank separately, it has not been successful to
build a model that can simulate all operations in the same study.
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1 Introduction

As photovoltaic(PV) installations become more widespread more and more energy will be pro-
duced during the middle of the day, while the peak consumption times are during the morning
and evening when PV installations will produce less power. For private household installations,
selling the excess power produced is not economical compared to using it. Since there are some
extra costs to buying electricity over the electricity price that is not paid when the customer
is selling electricity. To combat this, the power needs to be stored instead of sold to be able
to use this electricity at a later time. To store power locally the natural choice would be a
battery, but this has a significant capital cost. Another alternative is to use an electric water
heater tank (EWHT). Most houses already have an EHWT installed, and it could be possible
to store energy without much extra investment, such as would be the case with batteries. To
be able to store energy, the tank would need not to be saturated when the PV panels produce
electricity. Most EWHTs operate with the parameters that when hot water is used the heating
element starts heating the water in the tank back up to a set temperature. To be able to store
the excess power produced by the PV system the heating element would have to be controlled
in such a way that it not automatically starts heating the water if there is possible to delay the
heating until the solar power can produce excess electricity. To accomplish this, the thermal
properties of the tank should be investigated.

During normal operation of the tank stratification will occur in the tank, this means that the
temperature in the water of the tank will have different temperatures as hot water will rise to
the top and cold water fall to the bottom due to the difference in density of water based on
temperature. If the tank were used as a battery, this effect would have to be accounted for. The
stratification in the tank means that the water in the top of the tank would be warmer than
what would be the case in a tank with uniform temperature. A tank with better stratification
could deliver more hot water. When using an intermittent energy source such as the sun, which
is affected by time of day and the clouds, a tank that can be used for longer without heating
would be preferable

The water flow into the EWHT will be affected by the pressure in the water mains both locally
in the household as well as regionally. The water pressure coming into the house will be affected
both by how much water is used in the area as well as the levels of the reservoirs supplying
an area. When the water reaches the house, the pressure could still be affected by how much
water is used in the household, and if many points in the house are trying to extract water
at the same time, the water pressure will be lower than if only one point in the house uses
water. Because of this different flow rates into the tank has been tested and their effect on
stratification has been studied.

1.1 Problem statement

This thesis will introduce a computation fluid dynamics (CFD) model to simulate the operations
of a real EWHT. The model of the tank will be built and verified against experimental data
from an EWHT installed at the University of Agder. The model has been used to investigate
different characteristics of the tank, namely the effect of changing the flow rate into the tank.
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The thesis will be divided into two parts:

1.2

Building a CFD model and using experimental data to verify the simulation

Investigate changing inflow rate and its effect on stratification.

Report Structure

1 Introduction
This section presents the problem statement and motivation of the thesis

2 Theory

Here the different ways to model the tank and the theory behind CFD modeling is intro-
duced. Finally the literature written to describe the stratification in hot water storage
has been reviewed.

3 Method

The method used to model the tank in COMSOL and verify it with experimental data
from a real tank is presented. Also the formulas used to compare the stratification in the
tank is expressed.

4 Results
In the result section the results from the validation of the model is presented, and the
results from the study of the different mass flow rates.

5 Discussion In this section the results are discussed, in addition the experimental
tank has been checked against design parameters suggested in the literature for better
stratification.

6 Conclusion
Presents the conclusion of the thesis

7 Further Work
Suggestions for further study with the experimental tank.
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2 Theory

This section presents the theory behind computational fluid dynamics, and also a review of
the literature concerning stratification in the experimental tank. Some of the theory presented
concerning stratification was written in an earlier pre project|1]

2.1 Modelling a Thermal Energy Storage

Numerous processes are affecting the tank at any given time. Heat losses to the surrounding,
heat transfer between the different temperature layers, mixing due to inlet flow to name a
few. Taking all the processes into account, the equations needed are complicated to solve
mathematically. It has therefore over the years been developed different models to simulate
the water tank. Dumont et al. |2] classified different models used to model thermal energy
storage into eight categories: analytical, fully mixed, blackbox, moving boundary, plug flow,
multinode, zonal and CFD. Some of these models are illustrated in figure 1

Zonal (ZN)

CFD

Fully Mixed (FM) Moving-Bdry (MB) Plug-Flow (PF)  Multi-Node (MN)

Figure 1 — Different methods to model temperature distribution in hot water storage, from |2,
Figure 2].

The analytical model describes the system with analytical functions, and today these models
are mostly used to model ideally stratified or fully mixed tanks [3]. A comparison of older
analytical models can be found in Zurigat et al. [4]. The fully mixed model considers the tank
as having equal temperature through the whole tank. For stratification purposes, this is too
much of a simplification to be useful.

The blackbox model considers the tank as a black box and uses a database that can give an
output for any given input. This means that the model would need extensive experimental
data or multiple CFD simulations to generate the data needed to use it. The moving boundary
model uses an ideal thermocline (i.e., the thermocline has zero thickness) to divide the tank into
two regions (hot and cold). The volume of each region is changed by moving the thermocline.
One such model has been developed by Dickes et al. [5].

The plug flow model |6, 7] is a model often used for charge or discharge experiments. The water
is divided into different discs based on temperature. When water flows into the tank, this is
represented with a new disc with the volume of the water inserted. In this model, discs would
also be combined if the temperature difference is below a certain threshold. The multi-node
model [8, 9] is similar to the plug-flow model, with the tank divided into different discs, but in
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this model, the size of the discs are equal and constant, and no new discs are inserted during
the experiment.

The zonal and CFD model both uses a 3D mesh to model the tank. The volume of the tank is
divided into smaller volumes and then uses differential equations to solve each one. The zonal
model uses a large mesh, and this means the computational time is shorter, but it is not as
precise as CFD. CFD is the most exact model used today, the drawback of the model is that the
simulation could be time-consuming and for long simulations such as annual, a simple model
should be chosen [10]. CFD models have been used extensively in the literature, especially in
the last years [11-14].

Of the modesl presented in this section the most exact model is CFD, followed by zonal. But
these models could be time-consuming, they also require expensive software. Often the plug-
flow or multi-node model could be used with satisfactory results.

2.2 CFD

The mathematics that governs CFD is based on the equations of fluid dynamics, namely the
conservation of mass, momentum, and energy.

2.2.1 Mass Conservation

The mass conservation law states that the mass of a system if it is closed to all transfer of mass
or energy, must remain constant. The equation for mass conservation is,

0 d(pu)  O(pv o(pw
Op | Olpw) | O(pv)  Olpw)
ot ox dy 0z
where p is the density, ¢ is the time and u, v and w are the velocity in the z, y and z components
respectively. For an incompressible fluid, the density(p) is constant, and the equation becomes,
du) Jv d(w
(W) , o) , ow)
ox Ay 0z

~0, (1)

~0. 2)

2.2.2 Momentum Conservation

The conservation of momentum is Newton’s Second Law given as F' = ma. The forces acting
on an object is given as the mass times the acceleration of the object. The momentum equation
can be given in X, y, and z-direction as,
Du (9P 87';333 aTy;p asz
— = . 3
th 8:E+ ox dy * 0z ol 3)
Dv oP O or, or.
T ry + vy + Y + , 4
"Dt dy ox dy 0z Pty (4)
Dw oP n 0Ty n 0Ty L 0T,
PDr = oz ox dy 0z
where P is the pressure, 7 is the shear stresses and f is the forces.

4
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2.2.3 Energy Conservation

Then conservation of energy is given by the first law of thermodynamics, stating that the rate
of heat change for a system is equal to the rate of heat addition plus the rate of work done.
The equation for energy conservation is,

D U? 0, 0T 0, 0r o, 0r

pplet ) =pit 5 (ko) + 8_y<k8_y) +o (ko)
_OuP) 9(wP) O(wP) N O(uTyy)
ox dy 0z ox
O(utyy)  O(uty)  O(vTy)  O(vTyy)
+ dy + 0z + ox + y
O(vTyy)  O(wTy,)  O(wry,) O(wt,)
T L v +of U, (6)

where U is the velocity, ¢ is the heat transferred, £ is the thermal conductivity and f-U is the
dot product of the velocity and force vector.

2.2.4 Boundary conditions

While the equation above governs the flow in the system, the system is defined by boundary
conditions. The boundary conditions dictate the solutions for a system from the governing
equations. Some of the most common boundary conditions are; inlet/outlet, wall, constant
pressure, symmetry, and periodicity.[15]

The inlet/outlet boundary condition describes the surface where fluid enters and leaves the
computational domain. The typical conditions used for this are velocity, pressure or mass flow
of the fluid.

The wall boundary is the most common boundary condition in a CFD simulation and describes
a domain that is impenetrable for the fluid. For most solid walls a 'no-slip’ boundary condition
is used. This describes the velocity of the fluid on the wall, and for the 'no-slip condition says
that the fluid at the boundary is zero (v = v = w = 0).

The constant pressure boundary describes a point in the computational domain where the
pressure is known and is constant. Thes boundary is mostly used for places where the domain
is open to the environment, and there is atmospheric pressure.

The symmetric boundary can be used to cut down on computational time in systems where the
flow is symmetrical, and therefore only half of the system is needed for computing the results.

The periodic or cyclic boundary also takes advantage of symmetry in a system. Where the
flow has a periodic symmetry, easier computations can be done by knowing that the flow is the
same after a given period, for instance with a propeller or other swirling flows.
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Figure 2 — Typical grid cells from [16, Figure 1.1]
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2.2.5 Discretization and mesh

To solve a CFD problem, the governing equations must be discretized. The equations used has
an infinite continuum of values in the domain, and discretization expresses the equations such
that it only gives values for a finite number of discrete points in the domain. The method used
to solve the problem decides how the equations are discretized, the most common methods
are the Finite Difference Methode(FDM), Finite Volume Methode(FVM) and Finite Element
Methode(FEM). COMSOL uses FEM to solve CFD problems, and this is the method that will
be discussed here.

For FEM modeling the domain is divided into a set of volumes or finite elements, and the
conservation equations are applied for each element. The equations are then multiplied by a
weight function for each element before being integrated over the entire domain.

To use FEM the geometry must be divided into finite elements, and this in CFD is called a
mesh. In figure 2 the most standard cells used to mesh a geometry is shown. In 1D the mesh
is a simple line as shown first in the figure. For 2D geometries, triangles and quadrilaterals are
used. Finally, for 3D geometries, the most used are tetrahedrons and hexahedron, and some
applications also use prisms and pyramids. These cells are then mapped onto the geometry to
cover the whole geometry so that the program can solve the problem with discretization. When
meshing it is important to find the right mesh to use. Too fine a mesh with too many elements
will give a very computational heavy calculation that will take a long time to compute. If the
mesh is too coarse, the results might not be correct as there is too much difference in values
within one element.

2.3 Dimensionless numbers

Some dimensionless numbers used in the modelling of a stratified water tank will be briefly
explained in this section.

The Reynolds number (Re) describes the flow due to forced convection. For high Reynolds
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numbers the flow is turbulent (Re>4000) and for lower numbers (Re<<4000) the flow is laminar.

Re =YL (7)
W

where L is the characteristic length and pu is the dynamic viscosity of the fluid.

The Grashof number (Gr) describes the ratio of buoyancy to viscous forces acting on a fluid,

L3gBAT
Gr = L9PAT (8)
v
where ¢ is gravitational acceleration, 3 is the volume thermal expansion coefficient of the fluid,

AT is the temperature difference and v is the kinematic viscosity of the fluid.

The modified Richardson number (Ri) represents natural convection relative to forced convec-
tion,
Gr
Ri=—. 9
! Re? 9)
For very low values of Richardson number (e.g. Ri < 0.1) natural convection is negligible, while
for high Richardson numbers (e.g Ri > 10) forced convection will be negligible.

The Péclet number (Pe) expresses the ratio of convective heat transfer by the fluid, to conduc-

tive heat transfer,

pe— UL (10)
(0

where « is the thermal diffusivity of the fluid.

The Fourier number (Fo) expresses the ratio of heat transfer due to conduction, to the heat
accumulated in the system,

F0:f. (11)

The Rayleigh Number (Ra) describes the free convective heat transfer along a surface. The
Rayleigh number can indicate if flow due to natural convection is laminar or turbulent. For
a vertical cylinder the flow is laminar for Ra < 10® and fully turbulent for Ra > 10'°. The
Rayleigh number is expressed as,

gBAT D3

vo

Ra (12)

2.4 Stratification

Thermal stratification develops because water at different temperature has different density.
Hot water has a lower density than cold water will rise to the top. Thermal stratification
will happen naturally in a water tank that does not have a heat source and have a higher
temperature than the environment. Figure 3 has a graphical representation of stratification in
thermal storage. As can be seen from this figure, at the same energy level, a stratified tank will
have water with a higher temperature in the top of the tank compared to the fully-mixed tank.
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Hot Zone
Hot Zone
Uniform
Temperature
! > Ty
(a) The ideally stratified tank .
(b) The experimental tank (¢) The fully mixed tank

Figure 3 — Degrees of stratification in a tank with the same energy, from [14, Figure 6|.

The thermocline shown in the figure is the point in the tank were the temperature changes more
rapidly than other parts of the tank. The hot and cold zone will also have some stratification,
but the temperature difference will be smaller. The thinner the thermocline is, the better
the stratification. Comparing the ideally stratified tank (figure 3a) with the fully mixed tank
(figure 3c), when extracting water from the fully mixed tank, the temperature in the whole
tank would decrease, assuming an inlet temperature below the temperature of the tank. In
an ideally stratified tank when extracting water, instead of changing the temperatures in the
tank, the size of the hot and cold zone would change, assuming inlet temperature equal to the
cold zone. Using the stratified tank we are then able to extract water at the same temperature
instead of water that becomes colder as more water is extracted. Cristofari et al. [17] found
that by inducing stratification in a tank, there was possible to increase the energy output from
solar collectors by 5.25 % compared to using a fully-mixed tank.

The phenomena of stratification in nature have been studied since the early 20th century [18,
19]. However, it was not until the early 1970’s that stratification was studied in thermal
storage [20]. This section introduces a review of the literature concerning stratification in
thermal storage. Both the physical properties of the tank that impact the stratification and
the methods that have been used to simulate a stratified water tank have been reviewed. Much
of the literature concerning thermal stratification has been done considering solar thermal
systems, in this study only the parts that can be translated to an electric water heater are
considered.

2.4.1 The Influence of Tank Geometry on Thermal Stratification

Yang et al. [21] studied different tank geometries and their effect on stratification. In this
study, ten different tank shapes are investigated, comparing their impact on thermal energy
and exergy storage capacity, and the tank stratification. It was found that for shapes with
sharp corners such as two cones placed against each other the stratification was highest, and
for shapes with flat tops and bottoms such as a cylinder or barrel the stratification was lowest.
For exergy and energy storage capacity a barrel or sphere shape was the best and cylinder was
the worst. Other factors than the shape also contribute to the stratification in a tank: the
height /diameter (H/D) ratio, the inlet/outlet flow and obstacles inside the tank. These factors

8
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are described further below.

H/D ratio

The first experiment on the ratio between height and diameter of a hot water storage tank
was performed by Lavan and Thompson [22]. They concluded that stratification increases with
increasing H/D. From looking at cost versus performance, they found a ratio between 3 and 4 to
be most reasonable. Khalifa et al. [23] also found experientially that the stratification increases
with higher H/D ratios, while Ismail et al. [24] and Hahne et al. [25] found by modeling that
for ratios higher than 4, the effect of increased stratification became negligible.

Tank Inlets

Dependent on how much turbulence is created by the flow of water into a tank, a region in the
tank will mix the temperature layers. To maintain stratification, the tank inlet and the inlet
flow should be designed so that this mixing region is as small as possible. Moncho-Esteve et
al. [12] tested two different inlet designs, an elbow design and a diffuser design. Elbow is 90
degrees bent inlet design. A diffuser is an inlet design were the water exits through many small
holes. It was found that stratification was more affected by inlet direction and inlet velocity
rather than inlet design, but the diffuser did provide better results than the elbow design.
Zurigat et al. [26] tested different diffuser designs and found only small differences between the
designs. A study of the position of the tank was done by Bouhdjar et al. [27|. They found that
the best position of the inlet and outlet was at the bottom and top of the tank. Lavan and
Thompson [22] found that moving the inlet just one inch above from the bottom of the tank,
would decrease the stratification. Moving the outlet was found to be much less crucial.

Obstacles inside the tank

Aluntop et al. [28] did an extensive study of obstacles inside a tank with horizontal inlets. They
found that any obstacle placed near the bottom of the tank will increase stratification. The
obstacle stops the flow upwards containing the mixing below the obstacle. It was found that
obstacles that lead the water through the middle of a tank, away from the sides will produce
the best stratification. Aviv et al. [29] tested putting a baffle in front of a vertical inlet. It was
found that for small discharges (2 and 3 1/min) there was only a small effect of the baffle. For
higher flow rates (5 and 7 1/min) the baffle prevented mixing in the higher parts of the tank.
The experiments were also tested with two baffles, but this did not give better results than one
baffle.
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Stratification Efficiency

Many methods have been developed to describe the stratification in a thermal storage tank.
The stratification efficiency by itself does not reveal much, but it can be used to compare
different discharge regiments and compare different tank designs. Rosen et al. [30] pointed out
that,"no generally valid basis for comparing the achieved performance of one storage with that
of another operating under different conditions has found broad acceptance."

Lavan and Thompson [22] used an extraction efficiency 7. = Vt*/V, where t*is the dimensionless
time at which the difference between the initial inlet and outlet temperature has dropped below
a certain percent, here 10% (AT.,q = 0.10AT 014 )- V is volume flow rate and V is the volume
of the tank. Using experimental data Lavan and Thompson was able to correlate the data with
dimensionless numbers to find a new equation for the efficiency based on the inlet Reynolds
number (Rey), Grashof number (Grp) and height/diameter (H/D) ratio, see equation 13,

n=1—exp(—0.067Re; "> Gr* (H/D)*"). (13)

It was found that a low Reynolds number and a high H/D ratio would give the best stratification,
and as mentioned in section 2.4.1, the position of the inlet also contributed to the stratification.
Lavan and Thompson were the first to look at discharge or charging efficiency to represent the
stratification by correlating it to dimensionless numbers. Later studies have also worked on
this, for instance Hanhe et al. [25]. This study used a charging efficiency to measure the
stratification in the tank,
Jo© ey [Tin = To(#)]dt

mey(Tin — Ting) ’
where 712 is the charging mass flow rate of water, m is the mass of water in the tank, ¢, is the
specific heat of water and T;,, T, and Tj,; is the inlet, outlet and initial water temperature,
respectively. As Lavan and Thompson, Hanhe et al. also correlated the data with dimensionless
numbers to find a new expression for the equation based on the modified Richardson number
(Ri), Peclet number (Pe), Fourier number (Fo) and H/D ratio

(14)

Ne =

Ne =1 —0.206Rig " Pepi* Fo i (H/D) ' (15)

Davidson et al. [8] defined a MIX number based on the moment of energy. The MIX number
of 0 represents an ideally stratified tank and a MIX number of 1 represents a fully-mixed tank.
Moment of energy was calculated as

Mg = ZyiEm (16)
i=1

where y; is the height from the bottom of the tank to the middle of node i and F; is the energy
in node i calculated as
E = mc,AT. (17)

The MIX number is then calculated as

MIX = (ME,str - ME,actual)

(ME,str — ME,mm:) ’

(18)
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where the subscripts represent an ideally stratified tank (Mg ), the actual value in the tank
(Mg actuar), and a fully mixed tank (Mg pz)-

The studies reviewed so far are based on energy in the tank or the first law of thermodynamics.
Other studies have argued for using the exergy* (second law of thermodynamics) or entropy!
(combined first and second law) instead to represent the stratification in the tank. Rosengarten
et al. [31] defined a stratification efficiency (ny) as a ratio of stored exergy to stored energy.

¢ T, / " ( Liger )
ot — = 1 — ZTL d y 19
st me<Tdel — Tmean) H(Tdel - Tmean) 0 T(:y) Y ( )

where ¢ is the exergy, H is the height of the tank and 7},T},c., and T is the temperature
at height y, mean temperature in the tank and ambient temperature, respectively. Ty is the
reference temperature, since exergy is the energy in the system able to do work a reference tem-
perature must be chosen where the energy is not able to do work. In the study of Rosengarten
et al. this is defined as the delivery temperature, this is the lowest temperature the system
should output when delivering hot water. This efficiency was compared to an older energy
efficiency method, which compared the energy in the tank to the energy in a mixed tank. The
results showed that the stratification efficiency of Rosengarten et al. better represented the
stratification in the tank. Rosen et al. [30] used an expression for the exergy () in the storage
to the fully mixed exergy (&,,) in the same storage.

£ T.J)T,—1—In(T,)T,)
bm  Tw/To—1—1In(Ty,)T,)’

(20)

where T, is the equivalent temperature of a fully mixed storage with the same exergy as the
real storage and T, is the temperature if the real storage was mixed. The ambient temperature
is what is used as reference temperature in this method. 7, and T,, is not the same since it
was found that the exergy would increase with increased stratification even if the energy was
the same. This means a mixed storage with the same exergy compared with the real storage
would have higher energy.

Shah and Furbo [32] used a exergy efficiency and a entropy efficiency comparing the actual
situation to the ideal situation
(SO - Sl)ideal o Slfo,actual

B = , 21
g (SO - Sl )actual 775 61 —0,ideal ( )

where (Sy — 1) is the entropy change, and & _ is the exergy change. These expressions are
calculated as

(So — S1) = meyln (%) §1-0 = ¢p |m(Th — Tp) + mTy - In (%)] ) (22)
| 1

T is the temperature in the tank and T} is the temperature when the tank is at dead state and
is here used as the reference temperature. Shah and Furbo used this method during discharge

*Exergy is defined as the energy in the system that can do work. In the case of a water heater this is the
energy in the tank that can be used as hot water.
tEntropy is the ratio of added heat to the absolute temperature at which it was added

11
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experiments and for this dead state was chosen to be when the whole tank had the same
temperature as the inlet temperature.

Panthalookaran et al. [33] developed a storage evaluation number based on the entropy genera-
tion (S) and the energy response factor (Fr), which is a factor for the change in energy during
a process compared to an ideal change in energy(no mixing, only heat loss to the environment).

They proposed two numbers, one for charging and discharging (nsgy1) and one for storing
(nsen2)

S .
Nsent = |1 — e nsen2 = [1 — SER], (23)
R

where ASyem — AS AE
S _ real — stratified and Frn— real,s : 24
ASmixed - ASstratified i AEvideal,s ( )

here T
AS = / pAsy_odV = / pcpln(ﬂ)d\/ and AE =mc,(T2-1T1), (25)
\% \%

where AS is the change in entropy, AFE is the change in energy, p is the density and As;_s is
the change in specific entropy. Njoku et al. [11| used a entropy generation number defined as

Sgen (t)

Ny=———"
Sgen,max (t)

: (26)

where S'gen is the entropy generation and Sgemmax is the maximum entropy generation in the

tank. The entropy generation is defined as Sy, = Zf\;l SyenVi, where S;;n is the volumetric

entropy generation rate. In cylindrical coordinates this is expressed as

oT\? [oT\” ) v, \?  ruN2 O\’ dv,  Ov\”
(870) +<8z) (8r> +(r> +(82) +(8r+8z> ’
(27)
where 7 is the radial distance and z is the axial distance. This entropy generation number was
compared to an energy efficiency (ratio of energy flow into the tank to the energy accumulation
in the tank) and an normalized exergy efficiency (compares exergy in the tank to exergy in
ideally stratified and fully-mixed tank), and it was found that the entropy generation number
was better able to represent the stratification. Njoku et al has continued examining the entropy

generation numbers in later studies [3]. This method is similar to the one developed by Hunh
[34]. Hunh used the same entropy generation number as Njoku et al. but reversed the scale,

1 k
S

gen T2

0
+T

Ns,hunh =1~ Ns,Njoku-

Comparative studies of these and other methods have been done by Haller et al. [35] and Castell
et al. [36] among others. Castell only looked at different dimensionless numbers and found that
the Richardson number was the dimensionless number that best represented stratification, but
it was only able to qualify not quantify stratification. Haller et al. compared different methods
and compared them to the rate of entropy production due to mixing, a summation of the results
found can be seen in table 1.

The two first methods mentioned in the table is not part of this study. The MIX 4, is the
same MIX number as developed by Davidson et al. but using different methods to calculate

12
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the moment of energy. The method used by Panthalookaran et al. was also investigated but
is not part of the table since it was recently developed when Haller et al. published. As with
the MIX number, Panthalookaran et al. were also able to isolate heat loss from mixing. For
charging and discharge the method of Hunh was found to best represent the stratification of
the tank, for storing Hunh and Panthalookaran et al. returned the same results.

13
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Table 1 — General characteristics of selected indices for the degree of stratification and stratification efficiency definitions for TES

processes |35, Table 1].

Index for Stratification ~ Applicable  Applicable  Applicable  Identification Isolate mixing  Applicable In qualitative  Internal
degree of efficiency for for for storing/  of the instant from heat to variable agreement temperature
stratification  or ratio charging discharging  standby of destratification  ]0Sses temperatures  with entropy ~ measurement
or mixing possible and mass production needed
flows
Thermocline thickness X 0 X X X X 0 0 - O/X
and related methods

Wu & Bannerot (1987) X 0 X X X X 0 ? - ). ¢

Discharge/charge efficiences 0 X X X 0 0 0 0 0 0/X

MIXp.,. Davidson et al. (1994) 0 X X 0 X X X (X) 0 X

MIX A4, Anderson et al. (2007) 0 X X X X X X (X) 0 X

Shah & Furbo (2003) 0 X X X X X 0 0 0 X

Huhn (2007) / van Berkel (1997) 0 X X X X X 0 X X X

X, applies for this method; 0, does not apply for this method; (X), limited application; ?, unknown.

A100Y,

¥309v 40 ALisy3ANn K
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3 Method

3.1 The experimental tank

An experimental tank has been used during this project to base the CFD model on. The
tank is an EWHT from CTC. It is a regular water heater for private households with some
modifications. The tank has been mounted with three temperature sensors at different heights
in the tank, to measure the temperature in the tank. These temperature sensors measure the
temperature in the middle of the tank, at their respective heights. Temperature sensors have
also been mounted on the inlet and outlet of the tank, and a valve has been fitted to the
outlet. This is all illustrated in figure 5. A relay has been mounted to the heating element
to manually control when the tank turns on the heating element. National Instrument DAQs
have been used both to control the heating element and valve in addition to reading data from
the temperature sensors. To control this, a LabView program has been set up to control the
different parameters. The power used by the heating element is measured with a power relay
from E2U. This system was built in collaboration with Marius Christoffersen as part of his
master thesis|37] and is explained in more detail in Appendix A.

3.2 Building the model in COMSOL

The program used for the CFD model in COMSOL. In this section, an explanation of building
and verifying the model has been given. Firstly the geometry of the model should be defined.
There is some uncertainty about how the geometry inside the tank is built up and inquires to
the producer has not yielded satisfactory explanations. The only information available about
the geometry inside the tank is shown in figure 4. No measurements or the exact geometry
of the inlet has been found. The building of model must then be done by using experimental
results to verify the geometry used inside the tank. When building the geometry, there is
possible to import a 3D model from CAD software and use this for the simulation. Using a
3D model gives a more exact model especially when simulating complex 3D geometries. In
this case, the main geometry is a cylinder, an axisymmetrical shape, and a 2D axisymmetrical
model will be presented. The 2D axisymmetrical model works by modeling a cross-section of
the geometry, and when modeling, COMSOL will revolve around the cross-section about an
axis. In this type of modeling there is not a # axis, and only a r and z axis, so for a given r
and z the value has to be the same for all values of . By using this method, it is possible to
reduce the computational time by only introducing one restriction on the model, namely that
all parts of it need to be axisymmetrical. Care has to be given when using such a model since
the heat and flow may not be axisymmetric even if the geometry is.

The geometry supplied by the manufacturer states that the tank has an outside height of 1.14
m and a water volume of 194 liters. The other dimensions are found by manual measurements
and calculations. The inlet, outlet, and heating element must be placed differently from the
real tank to comply with axisymmetry. The inlet has been placed in the middle of the tank
coming in from the bottom wall and releasing the water to the side through a perforated plate
to simulate the diffuser used in the tank. The outlet is modeled in the top of the tank accepting
water vertically. The heating element is modeled as a disk in the middle of the tank. An air
domain has also been modeled around the tank to enable heat transfer to the environment.
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Heating element

Inlet

Figure 4 — Diagram of EWHT from CTC
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The geometry built can be seen in figure 6.
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Figure 6 — The tank geometry as modelled in COMSOL

To model the physics of the tank, a multiphysics model for isothermal flow has been used. This
model connects the physics of the flow and heat transfer physics in COMSOL. For the flow
model, a laminar flow has been chosen. When the tank is either heating or cooling down, and
no flow is coming through the inlet, the flow will be laminar. This can be shown by calculating
the Rayleigh number for the surfaces in the tank with the natural flow the flow transitions
from laminar flow to turbulent when Ra > 108. If eq 12 is solved for AT then the temperature
difference will have to be in the range of AT > 10° for Ra = 10® so the flow here will be
laminar.

For the case where the inlet is open, it must be assumed that there is some turbulence as water
enters the tank. However, the model was tested with a laminar flow model for this regime too
and gave good results, so a laminar model was chosen to save on computational cost in addition
to making it easier to simulate a flow regime, followed by a heat loss or heating regime in the
same model.

After choosing the physics of the system, the boundary conditions must be set up for each of
the two physics models.

For the laminar flow:
Wall Defines the walls around the fluids, using a ’no-slip’ boundary.

17
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Open Boundary Allows a free flow into and out of the air domain.

Inlet Inlet placed in the bottom of the tank, and the flow is defined with velocity.
Outlet Placed in the top of the tank and defined with pressure.
Screen Boundary in front of the inlet defined as a perforated plate with a solidity of

0.9 to simulate the diffuser on the inlet in the real tank
For heat transfer in fluids:

Open Boundary Allows flow of heat into and out of the air domain from an environment with
ambient temperature.

Temperature Defines a temperature on the inlet to set the temperature of the water flowing
into the tank.

Heat Source Defines the heating element in the tank.

The model has been meshed with a physics defined mesh in COMSOL, and this means that it
uses a mesh generation pre-defined by COMSOL based on the different physics and boundary
conditions used in the model. COMSOL has seven different pre-defined sizes for mesh elements
from ’extremely coarse’ to ’extremely fine’. For this model, the normal size is chosen. With
these parameters, COMSOL then chooses a size for the different domains based on the model.
For the fluids, it chooses a coarse size, for solids it chooses the normal size and for the transitions
between solids and fluids it is sized to fine. All of these meshes uses thetrahedrals. Near the
wall, a boundary layer mesh is applied. These are two layers of quadrilaterals with have a large
height to width ratio to deal with the convective flow that will occur along the walls. The
meshed model is shown in figure 7

3.3 Validating the model

To validate the model built in COMSOL, it is compared to data from an experimental tank.
In COMSOL the temperature is probed at the same heights as the temperature sensors in the
experimental tank. The inlet temperature measured at the inlet has been used for the inlet
temperature in COMSOL when comparing discharge. For the heating element, the energy
used has been measured with a power relay, and this is the value used for the heat source in
COMSOL. In addition to the three probes used to validate the model 9 points equidistant from
each other throughout the height of the tank is used to get a better idea of the temperature
difference throughout the tank. The temperature has also been measured right below the outlet
to see the temperature of the water leaving the tank.

18
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Figure 7 — Meshed model
The experiments used to validate the model is:

Full discharge In this experiment the water flows into the tank and continue until
the tank has a uniform temperature equal to the inlet temp.

Heating + Cool-down Here the water in the tank is first heated before the heating element
is turned off and the tank starts a cool-down period.

Cool-down For the cool-down experiment the tank starts at a given temperature
and with no heating or inflow as the tank cools-down.

3.4 Stratification efficiency from different inflow rates

When the physical system was assembled the water flow was measured from the tank, and
it was found to be around 0.36kg/s. This was found by opening the valve of the tank and
measuring the amount of water coming out of the tank. This was done multiple times, and
Labview was used to control the valve to get consistent closing times. The value of 0.36kg/s
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was then found by taking the average of these experiments. The results of these experiments
are shown in Appendix B. The COMSOL model has been used to investigate how different
values for the inflow rate will affect stratification. The method used for this is the entropy
generation number of Njoku et al. (N;)[11].

Seven different flow regimes have been chosen every other boundary in the model has been kept
constant between the experiments. The flow regimes chosen are: 0.15kg/s, 0.20kg/s, 0.25kg/s,
0.30kg/s, 0.36kg/s, 0.40kg/s and 0.50kg/s. All experiments have been started with the initial
temperature of the tank at 70°C' in the whole tank, and the temperature of the water flowing
into the tank is set to 10°C and is constant throughout the simulation. All simulations are run
for 1200 seconds.

The entropy generation (Sge,) from equation 27 has been calculated in COMSOL using inte-

gration coupling. The maximum entropy generation (Syen maz) Will occur when the tank is fully
mixed and can be calculated as,

) e (T, — Tini)exp(—¢) i T
Sgen,max_ D T‘z _(T‘z _Eni)€$p(—g0) [ (T‘Z —(T'Zmexp(_(p»)] ’ (28)

where ¢ is the fraction of the storage volume that has been replaced with the cold water from
the inlet and is given by,

AUt
()0 - V ?
where A;, is the area of the inlet and ¢ is the time from the valve opened.

(29)

It is then possible to compare the entropy generation in the tank with the theoretical maximum
entropy generation possible as,

N, = D (30)

Sgen,maa:

and here 0 represents an ideally stratified tank while 1 represents a fully mixed tank.

The entropy generation number has been calculated for each timestep and plotted to illustrate
the change during different discharges.
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4 Results
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Figure 8 — Heating and Cool-down

From figure 8a an experiment with heating from 60 — 80°C, followed by a cool-down period of
about 4 hours. During the heating part of the simulations, the top and middle temperatures
follow the experimental results very good, but the simulations have a pronounced stratification
during heating that is not found during the experiments. The simulation ends the heating
part of the experiments with a slightly lower temperature than what the experimental results
show. During the cool-down phase of the simulations the stratification that have developed
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while heating shrinks. However, for the experimental tank where there was no stratification
during heating, and stratification only occurs when the heating element is turned off.

When looking at the figure with more temperature sensors(figure 8b) it can be seen that the
stratification gets more pronounced near the bottom of the tank as well as near the very
top. In the middle of the tank, there are only small differences in temperature. In figure 10
there is possible to see some interesting observations about the temperature distribution during
heating. While the temperature near the outlet (7,,;) is the highest temperature in the tank, the
temperature sensor right below 945mm is not the second highest temperature. While it seems
the temperature in the tank is distributed with a higher temperature the further up in the tank
the measurement is taken. Near the very top where T'9 is placed the temperature is equal to
630mm and lower than the two temperature sensors in-between (735mm and 840mm). In figure
9a The flow induced from the heating element is illustrated. The nine equidistant temperature
sensors are placed out to the right in the model, this may be some of the explanation for the
temperature distribution in the top of the tank, as the flow goes around the area where 945mm
is placed and ends in the area of 840mm and 735mm. The flow seen on the outside of the tank
is the convective flow due to the temperature difference between the tank and the ambient air.
This flow is present during the whole simulation.
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Figure 9 — Flow in the tank
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Figure 10 — View of the transition between heating and cool-down

In figure 11a the experiments from a cool-down test have been compared with experimental
results. In the top of the tank, it can be seen that the data from the simulations correspond
to the data from the experiments, but lower in the tank, the temperature is not falling as
rapidly as in the real tank. When looking at the 9 equidistant temperature sensors (figure
11b) Firstly, it should be noted that since the experiment started with some stratification, and
the tank only has three temperature sensors, the tank was split into three parts when setting
initial values for the simulation. Between the temperature sensors in the real tank, there is also
stratification but it is unknown. For this reason, three and three of the heights start out at
the same temperature before moving in separate directions as the tank moves toward a similar
stratification as was seen in figure 8. The outlet temperature falls significantly during the
beginning of the simulation before rising again and settling near the temperature in the middle
of the tank. This is most likely because of some flow occurring near the outlet, but because of
the convective flow on the outside of the tank being relatively high(similar to the convective
flow in figure 9a) there are no visible flows inside the tank during this experiment.
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Figure 12 — Full discharge of the tank

For the discharge experiment (figure 12) it can be seen in the experiment that the temperatures
near the top of the tank start falling earlier than in the experimental tank. The temperatures
in the top and middle of the tank start falling faster than what is the case for the experimental
tank. The final temperature is also lower than what is the case for the real tank. After 20
minutes all the temperatures in the simulated tank is below the lowest temperature from the
experiments. The curves do have a similar shape in both simulation and experiment although
the experiments have sharper corners when the temperature starts falling. When looking at
nine temperature sensors in the tank, it can be observed that in the bottom of the tank the
temperatures do not fall all the way down to around 10 degrees before they converge. The
lowest temperature sensor (105mm) only falls to 25°C' before leveling off and continues to fall
only when the temperature over a larger volume reaches the same temperature. In the rest of
the tank, the temperatures are falling at a similar rate. In figure 9b the flow in the tank during
discharge can be seen. The water comes into the tank horizontally and flows upwards in the
tank as it hits the wall.
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Figure 13 — Entropy generation number

4.1 Entropy Generation Number

In figure 14 the temperatures is shown for the simulations with different inlet flow rate is shown.
As would be assumed, for larger mass flow rates the temperature starts dropping faster. The
leveling off in the bottom of the tank is not as pronounced or happening as early when the tank
starts at a uniform temperature. It is only noticeable here for the two largest discharges. Until
the water in the outlet reaches 40°C' the water is usable as hot water. The energy extracted
from the tank before the outlet temperature reaches 40°C' is shown in table 2, the table also
shows the amount of water at the initial temperature that can be extracted from the tank.
From the smallest discharge to the largest it is possible to extract 3MJ more from the tank
as usable hot water, and the amount of energy always rises for higher discharge. For water at
initial temperature, the highest amount is when the discharge is 0.40kg/s.

Table 2 — Energy extracted while the temperature in the tank is above 40°C'

Mass flow 0.15kg/s | 0.20kg/s | 0.25kg/s | 0.30kg/s | 0.36kg/s | 0.40kg/s | 0.50kg/s
Energy 41.35MJ | 42.57MJ | 42.96MJ | 43.72MJ | 44.34MJ | 44.56MJ | 44.87MJ
I7(O§ g B G:i 69.4kg | 76.75kg | 85.8kg | 90.72kg | 94k 91.5kg

For the entropy generation number, the form of the curves are similar, it starts high and starts
falling before getting a small jump after the initial fall before they stabilize around the same
point. During the first 5 seconds, the entropy generation is rising implying a tank that gets
more and more mixed, although the tank starts at a uniform temperature and is therefore never
as fully mixed as at the beginning of the experiment. After the first 5 seconds, all discharges
reaches its highest entropy generation number. The lowest discharges reach the highest entropy
generation numbers suggesting a better stratified tank for the higher discharges. This remains
true for the beginning of the experiments until the values for the higher discharges start rising
again. Before the rise, all discharges converge around an entropy generation number of 0.05,
after the rise all values converge even lower around 0.01. Towards the end of the simulation, it
can be seen that the larges discharge (0.5kg/s) starts rising again, but from the temperatures
for this discharge (figure 14g) the temperatures are the same as they have been for the last
1800 seconds.
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Figure 14 — Temperatures in the tank for the different mass flow regimes
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5 Discussion

From the results, it can be seen that the simulations return similar results as the experimental
data obtained in the real tank. In the heat loss experiments, the heat loss in the top of the
tank corresponds well to the experiments while in the bottom the loss in the real tank is higher
than in the experiments. There must be some heat loss in the tank that is not accounted for in
the model. In the bottom of the tank there where the heating element is connected, there is a
volume that is not isolated with glass wool as the rest of the tank. Since the tank is very well
insulated, this means that the unisolated part of the tank has a relatively high loss compared
to the rest of the tank. This unisolated area has been modeled into COMSOL, and it would
be assumed since the model still not corresponds fully that there are some other areas of the
tank that is similarly not isolated, but more information about the tank is needed to draw any
conclusions about this.

For the discharge simulations, no flowmeter has been mounted on the tank, and although the
flow rate was measured. It is not necessarily right for each experiment. The flow rate into the
tank will be affected by the water usage in the rest of the building. The pressure in the water
lines will change depending on how much water is being used throughout the building. This will
create a variable that is not possible to adequately account for when running the simulations,
without real-time data of the flow during the experiments.

During the heating experiments, there are some temperature differences in the simulation that
is not present in the real tank. In figure 9a it can be seen that most of the flow due to the
heating element happens in the middle of the tank. It may be the case that the flow is more
distributed in the real tank, making the temperatures throughout the tank more equal. In the
real tank, the temperatures are measured in the middle of the tank for each height. If the same
is done in the simulation during heating, the temperature difference at different heights gets
even more pronounced with the highest temperatures lowest in the tank, nearer the heating
element. The heating element in the COMSOL model is different from the element in the real
tank. In the real tank, the heating element is a cylinder mounted on one side of the tank and
angled slightly downward. While in the model it is a round disc placed in the middle of the
tank, near the bottom.

From table 2 it can be seen that if the goal is to extract as much energy as possible from
the tank, a higher discharge is better. It would have to be assumed that this would not be
the case if the mass flow rate into the tank were raised even more. It can already be seen
that the higher inflow rate gives diminishing returns. Between the the two lowest discharges
(0.15kg/s and 0.20kg/s) there is a difference of over 1M J, but for the two largest discharges
0.40kg/sand0.50kg/s the difference is only 300K .J. At some point raising the mass flow rate
would give lower values again. This can already be seen in the amount possible to extract at
the initial value of the tank. The highest value here does not give the most hot water at initial
temperatures, but rather the discharge of 0.40kg/s does.

From the temperature distribution in the multiple discharge experiments, the higher discharges
get steeper curves and start to fall faster. If comparing 0.50kg/s and 0.25kg/s, for the 0.50kg/s
experiment the outlet temperature starts falling after 200 seconds and for the 0.25kg/s exper-
iment the outlet temperature starts falling after 375 seconds. This means that for the larger
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discharge there is possible to extract more water at the initial temperature than for the lower
discharge case as table 2 shows. When the outlet temperature reaches 40°C, it takes double
the time to reach with half the discharge. This seems to be true for all heights and discharges.
So for larger discharges, it is possible to extract more hot water.

For the entropy generation number at the beginning, the lowest flow rates start less stratified
than the higher flow rates. This is because at the beginning more of the tank is still at initial
values for the lower flow rates. With higher flow rates the entropy generation number is better
during the first 200 seconds before they either all converge around 0.05 or starts rising again
as the bottom of the tank reaches the inlet temperature. All the graphs start rising again
after a while but at different times, with the highest flow rate rising first. This happens as
the lower part of the tank reach the inflow temperature. However, starts sinking again as
most of the tank reaches the lowest flow rate. This would suggest that while the entropy
generation number might be a good way to compare the stratification between experiments
as suggested by Haller et al.[35] it does not produce good results towards the end of a full
discharge. In all the experiments the entropy generation number starts sinking, suggesting
better stratification, around the time the height of 630mm reaches the inflow temperature. It
would be expected that the entropy generation number would get lower as the temperature
difference gets more prominent, and most of the layers have a temperature between the initial
and inflow temperature. While it should start rising again as more of the layers reach the inflow
temperature and then continue rising towards 1 as the tank becomes mixed again at the inlet
temperature.

In section 2.4.1 a few design suggestions from the literature has been discussed. The differ-
ence between these suggestions and the real EWHT used in these experiments could suggest
improvements to make the stratification in the tank better.

The first design parameter discussed in the literature was the H/D ratio, that Lavan and
Thompson|22| that suggested a ratio between 3 and 4, this was later confirmed by other re-
search|23-25]. The experimental tank used in this paper has an inner height of 1.064m and
diameter of 0.512m giving an H/D ratio of 2. This would suggest there are possible to improve
the stratification with a higher H/D ratio. For a 194[ tank with H/D ratio of 4 would have a
height of approximately 1.58m and diameter of 0.4m.

Yang et al.[21] suggested that a cylinder is the worst geometry both for stratification and energy
storage capacity. Compared to stratification, the shapes that gave the best results was shapes
with sharp corners. These are not shapes that are easy to place standing and would be in need
of struts to balance vertically. For the shapes that gave better exergy and energy capacity such
as a barrel, these are not as volume effective as a cylinder.

For the tank inlets and obstacles inside the tank, the tank is fitted with a diffuser as gave some
positive results in the study done by Moncho-Esteve et al[12|. There are no obstacles placed in
the tank, but looking at figure 9b it could help by containing the flow lower in the tank than
what is the case at this point.

Although there is possible to use this CFD model to simulate discharge, heating, and cool-
down, it is at the moment not possible to simulate all three regimes in the same simulation.
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When adding all the boundary layers to the model, e.g., the temperature boundary layer is
only needed when simulating discharge and is not used when simulating the other regimes.
When adding both the temperature and screen boundary while not simulating discharge, the
simulation will not converge, and it is not possible to model heating or cool-down with both of
these boundaries added. There is therefore not possible at the moment to simulate a real use of
the tank. The problem with adding these two boundaries without any mass flow into the tank
is that the temperature difference between the water in the tank and the temperature on the
boundary creates some small flows through the screen that COMSOL cannot calculate. There
has also been tried to turn one or both of these boundaries off and turn them on when coming
to the discharge part of the experiment but this has not given any results either.
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6 Conclusion

In this thesis, a CFD model of an EWHT has been built and used to simulate the tank. The
CFD model has been validated against experimental results from a real EWHT. The model
has been used to test the effect on the tank with different flow rates. It was found for larger
flow rates that the tank was able to deliver more useful hot water than at lower flow rates.
It was also found that the returns started to diminish and it would be assumed that at some
point a higher flow rate would be worse for the tank. Calculations of an entropy generation
number to compare the stratification in the tank at the different flow rates also showed a better
stratification for a higher flow rate.

The experimental tank has been compared to design parameters given in the literature to
improve the stratification in the tank. It was found that there could be possible to improve
the stratification by raising the H/D ratio and mounting some obstacles near the bottom of
the tank. Although these parameters have been discussed these different designs have not been
simulated in this study.

The validation of the model gave some good results, but there are still differences in the results
from the simulations and the experimental data. While a model has been built that can simulate
all the operations of the EWHT, the model is still unable to connect all the different operations
in a single study to simulate the real operations of the tank over time.

7 Further Work

In this section suggestions for further work on the system used in this paper is presented. Firstly
the model should be developed further to be able to simulate the real operations of the tank
over different operations. Further work could also study the different design parameters such
as the H/D ratio and its effect on stratification on this tank.

If the tank should be controlled to act as a battery for a PV system, a grey box or analytical
model should be developed from the simulated data to be able to predict the outlet temper-
ature of the tank, with measurements obtainable from outside the tank, such as flow or inlet
temperature.
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Appendix A Physical Setup

This appendix have been written in collaboration with Marius Christoffersen as part of his
masters thesis at UiA[37].

In this appendix the system components for making the physical system and conducting ex-
periments. The information for each component is presented in a compressed form, and the
information is collected for the manufacturer of each component.

A.1 Advance Metering System

The advanced metering system, AMS is manufactured by Kamstrup and is a 3-phase model.
This unit can provide both the customer and grid-operator with information about voltage,
events and load profiles. Besides, the unit supports the most common communications interfaces
and is ready to use with Home Area Management, HAN-interface[38|. From NVEs description of
the HAN-interface, the information from the AMS should include instant power demand, power
(active/reactive), current, voltage, energy(active/reactive) and time stamp|Brev20:online].
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Figure 15 - AMS from Kamstrup|38|

A.2 Power Relays

The system is installed with two separate power relays delivered by E2U. The reason for the
relays is to monitor the consumption by the heating element, and the production from the PV
system. The data is used for comparing with other collected data. Figure 16 shows one of the
relays used. The relays communicate with the gateway using ZigBee communication protocols.
In addition to power monitoring, the relays may be used as switches if connected to a cloud
service.
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Figure 16 — Develco power relay used for power monitoring of PV and heating element|39]

A.3 Gateway

The gateway is used for communicating with the relays using Zighee interface. In this system,
the gateway is used to communicate with the AMS using the communication port. For com-
municating with the computer, the gateway uses an ethernet cable with JSON-string interface.

Figure 17 — Gateway for communication between AMS, relay and computer|[40]

36



Appendices W] UNIVERSITY OF AGDER

A.4 PV system

In this appendix the PV system used is presented. Appendix A.4.1 covers the solar panels
used, appendix A.4.2 describes the micro inverters and appendix A.4.3 explains the energy
communication unit used.

A.4.1 Solar panels

REC group manufactures the solar panels used. For this system, four panels are mounted on
the roof at UiA Campus Grimstad, Norway. Combined, the panels has a max peak of 1000W,
250W each|41]|. Each panel has an efficiency of 16.7%. Figure 18 shows on the panels mounted.
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Figure 18 — Picture of one of the solar panels used

A.4.2 Micro Inverter

In this system there are two micro inverters named YC500A are mounted underneath the solar
panels. Each inverter has a maximum output of 500 W and can accommodate 2 PV modules
up to 365 W each. Figure 19 is a picture of the inverter. [42]
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Figure 19 — Micro inverter from APS[42]
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A.4.3 Energy Communication Unit

The APS ECU(Energy Communication Unit) is a user-friendly gateway for the inverters. The
ECU provides easy access data for all the connected panels with individual statistics of temper-
ature, voltage and production. In this system, the unit communicates with a computer, using
an ethernet cable[43] with updates on changes of production every 5 minutes.

Figure 20 — Energy communication unit from APS[44]

A.5 Electrical Water Heater

The electrical water heater used is a FerroTerm 200-s which with a rated capacity of 194 litres.
This tank is delivered with a heating element with a rated power of 1.95 kW and is controlled
with a solid state relay. Compared to others manufactures CTC has thicker isolation to reduce
heat loss to the environment. Also, the heating element is tilted to ensure heating all the way
from the bottom of the tank[45].

Figure 21 — Electrical water heater from CTC|45]
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A.6 Data Acquisition System

The data acquisition system has four modules which are arranged in a USB chassis. All the
components are from National instruments and are described in detail further below.

USB-Chassis

National Instruments has developed a compact USB-chassis for use with different of the modules
available. For this system an NI ¢cDAQ-9174, 4-slots chassis is used which communicating with
the computer using USB. The chassis is capable of fast measuring and has high resolution[46].
Figure 22 shows the module.

Figure 22 — Picture of NI ¢cDAQ-9174[46]

Temperature Module

For collecting information from the temperature devices, a temperature module named NI-9216
from National Instruments is used. This module is designed for use with RTD and is compatible
with both 3-wire and 4-wire connections. In this system,, 3-wire is used[47|. Figure 23 presents
the module used.

Figure 23 — Temperature module NI-9216[47]
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Voltage output module

For controlling the valve in the system, a voltage module named NI-9474 is used, illustrated in
figure 24a. This is a voltage output module which works with a wide range of components. For
creating controlling signal to control the system relays for valve and heating element control.
A 12V DC power supply is used, showed in figure 24b.
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(a) Voltage input module NI-9474[48] (b) 12v DC power supply for valve con-
troller[49]

Figure 24 — Voltage system for valve control

Flux Module

For measuring flux in the system, a temperature module is used. National Instruments has a
module called NI-9212 which is designed for thermocouple temperature sensors. In this system,
it is used to measure the proportional heat flux from the tank[50].

Figure 25 — Flux module NI-9212[50]

A.7 Computer

The computer used is a Lenovo ThinkCentre M710t. The processor used is a an intel Core I5
and is ideal for use with measurements. The computer is located at UiA and is only used for
this experiments|51].
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Figure 26 — Lenovo ThinkCentre M710t[51]

A.8 Temperature Sensors

There are five temperature sensors connected to the tank. Three that measure the temperature
inside at different heights. Also, a sensor measuring the inlet water temperature, and one
measure the outlet temperature. Finally, a PT-100 element is installed outside the tank to
measure the room temperature. All the sensors are resistance temperature detectors (RTD)
PT100-elements. The sensor is based on the resistance being 100 2 at T" = 0°C'. Variation
in resistance is a function of temperature, approximately 0.39 Q/1°C [52]. The connection
of PT100-elements varies between 2,3 and 4-wire connection. A 2-wire connection requires
calibration due to resistance in the cables. In 3-wire connection, the extra wire functions as a
calibration for line resistance, as long as the three wires have the same resistance. For a 4-wire
connection, the error from the line resistance is eliminated. This is the most accurate method
but is expensive compared to 3-wire systems. In this experiment the type of the connection is
3-wire.

Figure 27 — PT-100 element as mounted on the inlet[53]
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A.9 Valve

The valve used to control the water use by regulating the water discharge is a solenoid valve. By
applying a voltage through the solenoid, the valve opens or close depending on the configuration.
The valve used in this experiment is a normally closed (NC) valve, which means the valve only
opens when a voltage is applied. To control the valve a solid state relay (SSR) is used. The
relay makes it possible to use the low voltage signal to control large current systems.

Figure 28 — Solinoid Valve|54]
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A.10 Heat Flux Sensor

The heat flux sensors used is from greenTEG and of the type gSkin-XM. Two heat flux sensors
are used mounted on the outside of the tank at the same height as two of the temperature
sensors. That way the temperature inside the tank and in the room can be used as reference
temperatures for the sensors. The sensor outputs a voltage to the NI-module, and the voltage
can then be used to calculate the heat flux in W/m? as,

¢:§7

where ¢ is the heat flux, U is the voltage and S is the total sensitivity given as,
T, — T,
S=SO+( " —To> Se.

where S, is the sensitivity at calibration temperature, 7T} and T, is the temperature on the hot
and cold side of the wall respectively, Ty is the calibration temperature and S. is the linear
correction factor.

Figure 29 — GreenTeg Flux sensor[55|
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Appendix B Average flow calculations

This appendix have been written in collaboration with Marius Christoffersen as part of his
masters thesis at UiA[37].

The flow-rate is found by opening and closing the valve at a controlled time interval of 3 seconds
and measuring the water discharge from the tank. The average is calculated to be 0.36 liters/s.
However, this may not be the correct for all the discharges due to other water usages at the
university.

Table 3 — Experiments for calculating system

Opening time valve = 3 seconds

Test 1 1.055 Liter
Test 2 1.091 Liter
Test 3 1.081 Liter
Test 4 1.1 Liter
Test 5 1.096 Liter
Test 6 1.08 Liter
Test 7 1.068 Liter
Test 8 1.084 Liter
Test 9 1.069 Liter
Test 10 1.08 Liter

Average flow 0.36  Liters/second
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