()

Study the Effect of Heat Losses on the Thermal Stratification
in Cylindrical Hot Water Storage Tank

Elaf S. Brak Asst.Prof.Dr. Abdul Salam .D.M.
Department of Mechanical Engineering Department of Mechanical Engineering
College of Engineering-University of Wasit College of engineering, University of Wasit

Wasit, Iraq Wasit, Iraq
Email: elafsadk@yahoo.com Email: abddawood@uowasit.edu.iq
Abstract:

Storage tank with different hot water inlet flow rate (4, 6, 8 and 10) L/min and with insulated
and uninsulated wall surface is studied experimentally and numerically.
The objective of the investigation is to show the effect of heat losses from the tank to the
surrounding on the thermal stratification within the water storage tanks and to evaluate the
possible enhancement in the thermal performance of solar storage systems. A water storage
tank system is designed for practical tests for different modes of operation (charging mode,
discharging mode, charging & discharging mode simultaneously) in experimental part. The
temperature inside the tank is measured experimentally at three different levels. It was shown
that the thermal stratification inside the tanks depends differently on the flow rate, the heat
losses as well as the initial temperature in the tank. A 3D computational fluid dynamic (CFD)
model using the commercial software package CFX 15 was used to simulate the temperature
distribution along the tank and to evaluate the stratification number. The model consist from
vertical cylindrical tank of high (1.5m) and inlet diameter of (0.55m). The results shown that
the heat losses from the storage tank to the ambient is a main ingredient in retrogression of the
thermal stratification within un-insulated tank and the best thermal stratification can be
obtained for charging mode of operation. A numerical comparison between two cases
(insulated and uninsulated wall surface) was carried out and a performance parameter the
degree of stratification was calculated for each case. The experimental and numerical results
show reasonable agreement. The average deviation between the experimental and numerical
degree of stratification are in order of about (4%).
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1. Introduction

In recent years, the investigation of the
thermal stratification in storage tanks has
become one of the most important subjects
for solar energy systems. In this case many
experimental and numerical studies have
been carried out by several authors. A
thermal stratification of water is formed
through the cooling process. The cold
water collected at the bottom part while hot
water rises to the top of the tank. This
condition occurs even if all the water inside
the tank 1is initially at a regular
temperature. Before releasing heat from
the tank to the ambient, the tank wall will
cools a thin perpendicular layer of water
along the tank wall. Part of this heat is then
transferred by diffusion across the center
of the tank. The water of the vertical layer
becomes intensive more than its
surrounding and then slips towards the
bottom of the tank forming the
stratification .

Thermal stratification in storage tanks
has been the subject of various
experimental and numerical studies. [1],
[2], {3] It have been shown that thermal
stratification is influenced by a number of
factors such as mixing due to the inlet and
outlet streams, heat losses to the
surrounding and tank shape.[4] was
investigated the des stratification during
hot water draw-offs in solar tank with
different inlets flow rate. They found that
mixing during hot water draw-offs
decreased the yearly thermal performance

of the solar system . [5], investigated
experimentally the thermal behavior and
stratification of hot water storage tanks
during the stagnation mode for three
different Aspect Ratios (AR) of the tank,
namely 0.5, 1 and 2. They found that a
better thermal stratification is achieved by
increasing the aspect ratio . [6], studied
numerically the thermal behavior of a
vertical and horizontal domestic hot water
storage tank during the dynamic mode.
They found that the vertical orientation is
the efficient design for a stratified storage
tank . [7], studied and compared two
storage tanks with different cold water
inlet devices for small Solar Domestic Hot
Water, It was shown that the thermal
stratification inside the two tanks depends
differently on the flow rate, the draw-off
volume, as well as the iitial temperature
in this work, the thermal stratification has
been studied experimentally &
numerically for four different inlet flow
rate to show the effect of heat losses on the
stratification degree along the tank.

2- Experimental Setup and
Procedure

A vertical galvanized steel storage tank
with diameter (0.55) m, thickness (0.002)
m, length (1.5) m and capacity (270) L was
used in this study. There are two ports of
diameter 12.7 mm located at each side of
the tank for supply & draw-off the water.
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The inlet and outlet ports are located at 10
cm lowers than the top and 10 cm upper
than the bottom respectively. The charging
part of the experimental apparatus consist
mainly of water pump in chargiﬁg cycle

and water heating unit while the
discharging part consist mainly of water
pump in discharging cycle and heat
dissipation unit as shown in fig 1.
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water pump

valve

Heat Exchanger “
Fan

\
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water pump valve

water heater

Fig. 1 schematic diagram of test rig.

There are nine K-type thermocouples
which (three thermocouples at each
level) were distributed along the tank
with a distance 15, 75, 135 cm
respectively from the tank base. These
thermocouples are fixed on a stands
placed on the centerline of the tank are
used for monitoring the temperature
distribution of water in the tank as
shown in fig (2). Four digital
thermocouples were used to measure
the temperature of water supply and
draw-offs from the tank. Experiments
were carried for four different flow
rates 4, 6, 8 & 10 L/min during 6 hours
operating period

for charging mode.

-

to load |t from collector

S = — ®

from load

p— to Collector

Fig. 2 Distribution of measuring
temperature within the tank.

The initially water temperature in the
tank was nearly at 28C°and the hot
water supply was at 50C"°.

Dr. Abdul Salam. D.M.Hassen Association of Arab Universities Journal of Engineering Sciences

Elaf S. Brak

NO.5 Volume.25 Year.2018



383

()

3. Numerical Analysis:

In this present work, the wvarious
operating conditions influence on the
stratification performance for thermal
energy storage tanks are simulated, by
using ANSYS Fluent (CFX) . The
purpose of this work i1s to describe
precisely the thermal behavior of a
vertical hot water storage tank during the
dynamic mode of operation . The
numerical results obtained are compared
with experimental data based on this
work . The validated CFD model is then
used to explore in detail the influence of
the thermal insulation on thermal
stratification along the tank during
charging mode at flow rate of water (4, 6,
8 & 10) L/min and to comparing the
degree of stratification between the
experimental and numerical works. The
physical model for charging process in
cylindrical tank consists of: the flow
through the ordinary inlet and outlet ports
is at turbulent models (k—epsilon model),
the inlet hot water is entered from top of
the tank and the outlet cold water exit,
from the bottom of the tank, the inlet
supply has uniform flow rate and
temperature . Temperatures of the flows
are applied at the inlets only: for the outlets
they are computed at the numerical
simulations .

Computational Domain

In the present work, the system consists
of a vertical cylindrical storage tank
which is made from galvanized steel
sheet with (2mm) thickness. The physical

model for charging mode process in
cylindrical storage tank is illustrated in

figure (3).

—
0 1,000 (m)
0.500

Fig.3 Geometrical model of the solar water
storage tank for charging mode.

The geometrical model was
consisting of:

mainly

1- Vertical cylindrical tank of high (1.5m)
and inlet diameter of (0.55m).

2- Two flow inlet and outlet ports of inner
diameter (1.27cm). The inlet flow port is
located at a distance of (10cm) from the
top surface of the tank, and the outlet flow
port is located at the (10cm) distance from
the bottom of the tank.

The inlet hot water is enter from top of
the tank and the outlet cold water is exit
from the bottom of the tank as shown in
Figure 3. The working fluid in the storage
tank 1s water. The flow rate inlet
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boundary condition is applied to the fluid
flow, and the outlet of the water storage

» Governing Equations:

The governing equations of the problem
are the continuity equation, the momentum
equation and the energy equation .

1. Continuity Equation

For an incompressible fluid, the
continuity equation for three dimensional
flow can be written in cylindrical

coordinates as:

dp , 10(prvy) | 10(pve)
(61: T r or T r 00 T
d(pvy) _

0z ) =0 (1)

2. Momentum Equation

o Momentum Equation in the r-direction
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tank is assigned to be a pressure outlet
boundary condition .

2 0v | o) o
r2 00 T 0z2 00 T
P 9o (2-b)

o Momentum Equation in the z-
direction
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3. Energy equation

For Newtonian fluid at constant thermal
conductivity (k) the energy equation can be
written as:

10T 6T) .

pCp( +vra + vg - 69+v26

(L) AT s
®

Where (s) is a source term. The governing
equations mentioned above are solved
taking into account the following
assumptions’:

I-Turbulent flow, since the Reynolds
number corresponding to this study is over
4000, the flow through the storage tank is
typically turbulent”.

2-Water properties are supposed constant.
3-Boussinesq approximations are adopted
in water density modeling, water density is
treated as a constant value in all solved
equations with the exception of linear

r2 002
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density variations in the buoyancy term”. p
= pol 1-p(T =T0)]

“In this paper, The results are statistically
very low p-value (in a range of 0 < p-value
< 8x10-7). Hence, the k—epsilon model is
retained for all given simulations
turbulence model with full of the transient
behavior of thermal stratification .

e Stratification Number

The stratification number (Str.) defined by
[6] asthe ratio of the mean of the transient
temperature gradients to the maximum
mean temperature gradient for the charging
mode, the mathematical formula of this
number can be written as:

__(@T/0y):
’ (OT/0Y)max
Where:

(4)

aT i1 Tips =T;
(@)t:j_%[x:i(]A—y])] (5)

_Tmax_Tin

oT
@y max=( 1y

In order to test the wvalidity of this
correlation, the experimental stratification
number was compared with the numerical
one, good agreement was obtained.
Equation (4), can be solved by using
Microsoft EXCEL (15).

Mesh Generation

(6)

Mesh generation was accomplished by
utilizing of a tool which is named (Mesh)
in the Toolbox under the Component
Systems menu. The kind of the using mesh
is the tetrahedral mesh which consists of
triangular elements. This type of mesh is
significantly filling all spaces with
constant elements size approximately as
displayed for demonstration purposes in
Figure 4-a.
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A- Sample of Tetrahedral mesh for illustration purposes
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Number of element.

B- Grid independence.
Fig.4 mesh of cylindrical tank & Grid independence.
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This helps to reach the convergence
state in short time. The suitable size of
mesh element that should be used is
estimated by using of grid
independence procedure as shown in
fig.4-b. The suitable number to mesh
element should be equal to (1172670)
element.

* Boundary Condition:
In the present numerical model it is
used the following types of boundary

conditions as shown in table.1:

Table .1 Boundary condition

q’ = 0 for insulated wall

V., Vg, v, = 0 and dT/dr=0

Ambient temperature = 300 K.

For uninsulated wall, The convective heat transfer
coefficient is calculated based on the work of [8]

NO SLIP

333 K

m=0.06 kg/s, m=0.1 kg/s, m=0.13 kg/s and m=0.15 kg/s

The pressure in the tank is 1 atm.

The initial velocity of the water in the tank is assumed zero.

4. Results and Discussions:

4.1 Experimental Results

» The Stratification in the Storage Tank

without Thermal Insulation.

Fig (5-a), (5-b), (5-¢) and (5-d) shows
the temperature distribution of water at
different levels (15, 75 and 135) cm
along the storage tank and at different
flow rates (4, 6, 8 and 10) L/min
respectively for each hour during an
experimental period of operation equal
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to 6 hours. In fig (5-a), the flow rate of
water equal to 4L/min, the temperature
of water in the tank was at a uniform
temperature about (25°C) at the
beginning of the test. the temperature of
water at different levels along the tank
show a little difference during the early
hours of the test and then the difference
will increase with time until reach its
maximum value (9 °C) in the last hour
of operation where the value of the
degree of stratification is (0.46). In figs
(5-b), (5-¢) and (5-d), the temperature
of water in the tank is 30°C at the
beginning of the test, the behavior of
water temperature difference within the
tank is shown similar to that of fig (5-
a). The thermal  stratification,
beginning at small value, and then
increases with time until reach its
maximum value in the last hour of the
test. The values of the stratification
degrees for the flow rates (6, 8 and 10)
I/min are (0.39, 0.38 and 0.35)
respectively. The results in this part of
study show that the thermal
stratification was at lowest value due to
thermal losses from the tank to the
surroundings. In addition, it was
decreased and  destroyed  with
increasing water flow rates because
increasing the mixing effects between
the inlet hot water and the water in the
storage tank.

» The Stratification in the Storage
Tank with Thermal Insulation.

Fig (6-a), (6-b), (6-c) and (6-d)
show the effect of thermal insulation on
the temperature of the water at different
levels in the storage tank and at
different flow rate (4, 6, 8 and 10)
L/min respectively during operation
period. The temperature of the water in
the storage tank is about (30°C) at the
beginning of test. Fig (6-a) illustrates
that the stratification increased at low
flow rate (4L/min) with time until reach
its maximum value at last hour of
operation. At this hour the degree of
stratification is (0.66). When the flow
rate  increases, the stratification
decreased due to mixing as shown in fig
(6-b), (6-c) and (6-d) and the degree of
stratification during the last hour of
operation at 6 L/min is (0.61), at 8
L/min is (0.52) and at (10) L/min is
(0.5) respectively. When using the
thermal insulation, the results for this
mode of operation (charging mode)
illustrates an improve in thermal
stratification and the heat would be
maintained more time inside the tank in
comparison with the same mode of
operation without wusing thermal
insulation.

4.2 Numerical Results

Figures (7), (8), (9) and (10) show the
temperature distribution of water along
the storage tank without thermal
insulation on the external surface at
different flow rate (4, 6, 8 and 10)
L/min respectively during operating
period of 6 hours. The temperature of
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water in the storage tank in the
beginning of calculation process 1is
assumed uniform (30°C) and the inlet
hot water 1s (60°C). The degree of
stratification at flow rate (4, 6, 8 and
10) L/min are (0.52, 0.45, 0.32 and
0.27) respectively. The thermal
stratification in the tank is clear at flow
rate 4 L/min as shown in fig (7). When
the flow rate increase, the heat losses &
mixing effects were increase in which
leads to destroy the thermal
stratification within the water storage
tank as shown in fig (8), (9) and
(10).Figures (11), (12), (13) and (14)
show the temperature distribution in the
water storage tank with thermal
insulation on the external surface at
different flow rate (4, 6, 8 and 10)
L/min respectively during operating

t=60 min t=120 min t=180 min

60 t=240 min — % t=300 min t=360 min

ol

40

30

Temperture /(°C)

20

5 100 150
lqleight /lcm)

(a) Water flow rate 4 1/min.

period of 6 hours. The temperature of
water in the storage tank at the
beginning of test is 30°C and inlet hot
water is assumed constant 60°C. The
degree of stratification for flow rate (4,
6, 8 and 10) L/min are (0.72, 0.64, 0.6
and 0.53) respectively. The thermal
stratification is clear and increase with
time at 4 L/min flow rate when the
external walls at adiabatic condition as
shown in the fig (11) due to decrease
heat losses from the storage tank to the
environment. Fig (12) shows the
temperature distribution at flow rate 6
L/min, the mixing increase and
destroyed the stratification. Figures
(13) and (14) show that, the influence
of high flow rate is clear in the storage
tank and the mixing effects destroyed
the stratification.

t=60 min t=120 min t=180 min
t=240 min —%— t=300 min t=360 min
60
_ 50 x/'//’*/*
g
o 40
2
o
a 30
£
2
20
0 50 100 150

Height / (cm)

(b) Water flow rate 6 1/min.
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(c) Water flow rate 8 I/min.
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(d) Water flow rate 10 I/min.

Fig.5 Hourly temperature distribution of water within uninsulated tank for
charging mode.
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(a) Water flow rate 4 I/min. (b) Water flow rate 6 1/min.
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(c) Water flow rate 8 I/min.

(d) Water flow rate 10 I/min.

Fig.6 Hourly temperature distribution of water within insulated tank for charging mode.
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Fig.7 2-D & 3-D Temperature distribution of water along uninsulated tank at
4L/min for charging mode.
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Fig. 8 2-D & 3-D Temperature distribution of water along uninsulated tank at 6
L/min for charging mode.
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Fig.9 2-D & 3-D Temperature distribution of water along uninsulated tank at8 L/min
for charging mode.
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Fig.10 2-D & 3-D Temperature distribution of water along uninsulated tank at 10
L/min for charging mode.
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Fig.11 2-D & 3-D Temperature distribution of water along insulated tank at 4L./min
for charging mode.
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Fig. 12 2-D & 3-D Temperature distribution of water along insulated tank at 6
L/min for charging mode.
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Fig. 13 2-D & 3-D Temperature distribution of water along insulated tank at 8
L/min for charging mode.
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Fig. 14 2-D & 3-D Temperature distribution of water along insulated tank at 10
L/min for charging mode.

5- CONCLUSIONS:

In this study, the thermal behavios

of domestic hot water storage tanks for
the dynamic mode has been examined
experimentally and numerically . From
the obtained result, the
conclusions can be drawn:

. It has been observed from studying the,

effect of water flow rate that the
degradation of thermal stratification

belowa.

increases with the increase of flow rates
a cause of mixing effect.

The heat losses from the storage tank
to the ambient is a major factor in
degradation of the thermal stratification
in an un-insulated tank.

The best thermal stratification can be
obtained for charging mode at lower
flow rate.

The  stratification  number  of
uninsulated tank is considerably lower
than the insulted tank.
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Nomencluter

m: Mass flow rate, Kg/s.

1,0,z: Cylindrical coordinates.

Str.: Stratification number.

Tenv: Temperature of environment, K

Tj: Temperature of the j-th layer, K.

Tmax: Maximum temperature, K.

B: coefficient of thermal expansion, K™ .
po: Density at operating temperature, Kg/m?.

j: Number of water layers.

P: pressure, N/m?.

S: source term

t: time, s.

Tj: Temperature of the j-th layer, K.

Tin: Inlet temperature of the hot water, K.
Vi,Ve,Vz: velocity components, m/s.

p: Density Kg/m?.

Ay: Layer thickness, m.
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