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Abstract
Five exterior hot benches have been installed in Gävle, in Kyrkogatan street by the
company Gävle Energi with the aim of achieving the wellnes of people that sit on them.
This system uses the residual heat from the district heating, representing consequently a
non-polluting system. However, the temperature desired on the surface, 35°C is not
always achieved before different exterior conditions. For this reason, Gävle Energi is
interested in carrying out a study about enhancements that could be made in the system
in order to take them into account for future projects of this kind of technology.
The aim of this project is analysing if it would be possible to achieve the requirements
established by Gävle Energi, changing with this objective all the necessary system
parameters of the current system such as diameter of the pipes, materials, number of
turns... These requirements consist of working with a supply temperature of 40, 45 and
50°C when the exterior conditions are 0, -5 and -10°C respectively, accomplishing always
35°C on the surface. Moreover, in case that it was not possible, providing the company
with the characteristics of the system that would make the system as efficient as possible,
specifying for different exterior temperatures the mass flow, pressure drop, velocity and
needed power.
The study has been developed by different simulations with the software COMSOL,
whose use requires a high knowledge on heat transfer. After several simulations, it has
been checked that it is not possible to accomplish the requirements established by the
company. However, a new more efficient design has been designed because the supply
temperatures of the system to accomplish an average temperature of around 35°C on the
surface have been minimised. For that, several changes have been carried out. The
number of pipes turns have been increased from 12 to 17, their total diameter from 20mm
to 30mm and the distance between the centres of the pipes from 5.5cm to 4cm. The 2mm
of outer plastic thickness of the pipes has been replaced by copper and the height of the
pipes has been moved 2cm upwards.
With all these changes, the final length of the pipes inner the stones has a value of 40.6m
and the supply temperatures reach 46, 47 and 49°C for the 0,-5 and -10°C exterior
conditions respectively. Apart from the supply temperatures for the study cases, the ones
necessary to accomplish always the temperature desired on the surface for other exterior
temperatures have been provided together with the amount of power necessary, velocity
flow, volumetric flow and pressure drop for all the different cases. These values would
allow the company to work always at the optimum point as well as to design the heat
pump for the system.
Keywords: District heating, conduction, convection, radiation, heat transfer, hot
benches.
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Nomenclature
Symbol
𝐴
𝑞
α
ρ
𝐶𝑝
𝑇𝑤
𝑇∞
ℎ𝑐
ℎ𝑜
ℎ𝑟
𝑁𝑢
𝑘
𝐷
μ
𝑢∞
𝑃𝑟
𝑅𝑒
𝐺𝑟
𝐿
𝑔
𝛽
𝐽
𝐺
𝜀
𝜌
𝐸𝑏
𝜎
𝐹𝑥𝑦
∆𝑃
𝑓
𝑃

Letter
CHP
GHG
HOB
NGCC
MBE
RMSE

Description
Area
Heat transfer
Thermal difusivity
Density
Specific heat
Surface temperature
Flow temperature
Convection coefficient
Radiation+convection coeficient
Radiation coefficient
Nusselt number
Thermal conductivity
Internal diameter
Dynamic viscosity
Flow velocity
Prandtl number
Reynolds number
Grashof number
Length
Gravity acceleration
Temperature coefficient
of
thermal conductivity
Radiosity
Irradiation
Emissivity
Reflectivity
Energy radiated
Stefan-Boltzmann constant
Radiation shape factors
Pressure drop
Friction factor
Power

Description
Combined Heat and Power
Greenhouse Gases
Heat only Boiler
Natural Gas Combined Cycle
Mean Bias Error
Root Mean Square Error
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Units
m2
W
m2/s
Kg/m3
J/(kg.K)
K
K
W(m2.K)
W(m2.K)
W(m2.K)
W/(m.K)
m
Pa.s
m/s
m
m/s2
°C-1
J/s
J/s
J/(m.s)
W(m.K4)
m
W
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1. Introduction
1.1. Background
Nowadays, there is an increasing concern about carrying out a responsible energy use
given the positive economic and environmental consequences that it entails. With the
purpose of achieving it, numerous breakthroughs in the energy field are being developed.
Some examples are the implementation of energy audits in industrial energy systems as
well as the energy production from renewable sources such as solar or Eolic.
Another idea to accomplish a responsible energy utilization is using the residual energy
that is generated in several industrial processes. One novel method that applies this idea
is the installation of hot benches in streets, which have the objective of attaining the
wellness of people that sit on them during the cold seasons. One example of this new
technology has been set up in Gävle by the company Gävle Energi. This system has five
hot seats, called hot stones, in which glycol flows heating up their surfaces. The glycol
receives this heat from the hot water that comes from the district heating in a heat
exchanger. This method stands for a great way to use the residual energy, because
otherwise it would be wasted. Moreover, it is depicting a non-polluting system because it
is not necessary the extra produciton of energy for its operation.
However, once it has been installed, Gävle Energi has realised that the achieved
temperature in each stone is not the expected temperature of 35°C. This is probably due
to the wrong heat exchanger configuration inside the stones as well as the incorrect
calculation of the corresponding glycol flow in each one.
Gävle Energi is interested in analysing the changes that would be necessary to introduce
in the system to always achieve 35°C on the surface for different exterior conditions
always working on an optimum power, therefore improving the system efficiency. This
interest arises because at the moment, in many cases, it is not possible to reach 35°C using
a supply temperature of 45°C. This value of the supply temperature is constant nowadays
regardless the exterior conditions, so it is a non efficient system
since this temperature does not adjust to the different conditions, sometimes wasting
energy. Although currently they can not change the system because it is already installed,
the study of possible improvements could represent a future tool for the company in order
to enhance these kind of installations.

1.2. Literature review
The literature review of this project is highly influenced by the lack of information about
the technology analysed in this dissertation. For that reason and due to the different fields
that can be covered, it has been decided to concentrate this section on investigating the
feasibility of using the software COMSOL to develop this project as well as emphasizing
the fact that it is a clean system by the study of the district heating.
Moreover, the study of literature about heat transfer processes is carried out as their
importance in this technology.
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First of all, it is convenient to start this study focusing on significant information about
Gävle. Data about its climatology registers temperatures below 10ºC from October to
April [1]. Thus, this is a city with a strong demand for annual heating.
With the aim of achieving the thermal comfort of people, several techniques have been
developed over time. One developed novelty is thermal seats that aim to comfort people
.that are passing by. They are located in Nordic countries’ streets. Although it may seem
like a new method, this idea dates back into the Roman Empire where people used a
system called hypocaust. This is a central heating system in which they distributed the
heat of an underground bonfire under the floor as well as behind walls [2].
The earlier mentioned seats use the residual heat from hot water which is initially used
by district heating. As reported by [3], district heating is characterised by using the excess
heat from industrial processes, CHP plants or waste of energy plants in order to satisfy
the current heating demand. Otherwise, this heat would be wasted. This heating system
has significant advantages such as security of the supply, the efficient use of the available
heat sources and low emissions. This article also highlights the important role that district
heating plays as heat source in Sweden, covering around 56% of the heating demand in
residential and commercial buildings. It represents a vast percentage of the total heating
demand compared to other European countries. In fact, a recent study which was carried
out in 23 European cities showed an average heat intake from district heating of 21%,
representing a huge different with respect to Sweden.
It should be underscored that this system has a strong regulation in order to achieve a high
efficiency as [4] demonstrates . The European energy efficiency has established four
thresholds to consider this system as efficient: 50% with excess heat recovery, 50%
renewable supply, 75% from cogenerated heat or 50% from a combination of renewable,
excess and cogenerated heat supply. In fact, Sweden achieved 45%, 36%, 14% and 99.8%
in 2014 with respect to the heat supply volumes as. This article also points out that district
heating has mainly replaced fuel oil boilers, with the emissions reduction that it involves,
being nowadays the biomass and the waste the main heat sources used to supply the
heating demand by district heating. This fact has been caused by the high fossil fuel
taxes and the carbon dioxide tax established in 1991.
Even though it is true that district heating decreases the environmental impact, the
calculation of its reduction is difficult to evaluate. Some studies such as [5] have
attempted to state the importance that the source of residual energy has when the GHG
(Greenhouse Gases) emission reduction is evaluated. The results present a more
favourable scenario when the heat is supplied by HOB (Heat only boiler) or “released”
biomass than when is produced by CHP (Combined heat and power), due to the fact that
the extra emissions to produce the lost electricity have to be evaluated. If this lost
electricity is generated by carbon, the scenario would be unfavourable, while the use of
NGCC (Natural Gas Combined Cycle) would make it favourable.
Another significant topic of interest in this literature review is the validity of the computer
software used to develop the project, COMSOL Multiphysics 5.1. It is important to
emphasize that the use of this kind of software requires a previous thermodynamic
knowledge of the user, which is acquired during years of study. Several books show the
basis of such knowledge. For instance, [6] describes in details the necessary formulas to
evaluate heat transmission processes as well as calculating input parameters for the
software.
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The used program, COMSOL, works with the finite element method to calculate
numerical results. This program has been selected due to the vast amount of parameters
it has, such as temperatures, solar radiation…etc. This allows to simulate the project with
a greater similarity to reality.
Articles like [7] highlight the validity of the program. This article develops the evaluation
of COMSOL through three tests: comparison with other models, validation with
experimental models and analytical verifications. After several tests, the validation of this
program for heat transfer calculations is verified as long as the numerical solver is
correctly adjusted. Moreover, the authors of the article [7] come to the conclusion that the
values of temperature and the current flow are close to the values measured
experimentally which supports the use of this software in this project.
Numerous articles such as [8] or [9] address the use of this program in projects as well.
However, due to the fact that the studied system is really new, it has not been possible to
find an article so far in which the heat seats were studied using this software. This is the
reason why some research were carried out on other similar projects in terms of thermal
process, for instance [10]. The dissertation analyses different configurations of a multilayered wall to achieve the thermal comfort. This wall is subjected to radiation,
convection and conduction processes. In addition, the calculation of the heat gain is quite
difficult because of the dependence on external conditions, shape and orientation of the
building, the thermal storage effects... etc. Eventually, the correct solution is achieved in
order to get the thermal comfort by different simulations in COMSOL.
Given its similarity with hot stones that are also subjected to convection, radiation and
conduction and influenced by similar exterior parameters, it is possible to check the
correct choice of COMSOL to develop this analysis.
Against this background, a similar analysis about how to solve the heat transfer problems
of a system subjected by the convection, conduction and radiation analytically is
developed by [11]. The paper presents all the necessary formulas involved in this type of
problems, specifying later that its solution is only possible with the finite element method.
This fact highlights the use of COMSOL in this project, given that this software uses this
method as well. Furthermore, this article also performs different analysis than can help
the development of this dissertation. For example, it argues the effects that parameters
such as thermal conductivity or surface emissivity have in the heat transfer, reaching
significant conclusions about when it is possible to reject the radiation phenomena.
With the aim of simulating the seats in COMSOL, several simplifications have been
considered due to the high complexity that the project could achieve if detailed
calculations about radiation and heat transfer are developed. These simplifications are
built on different research about the main parameters and phenomena that influence the
system.
A considerable amount of literature has been published on methods to calculate the
different types of irradiances in clear skies. For instance, [12] suggests the replacement
of ASHRAE clear sky method for another with a higher precision. In the paper, the
authors show the formulas that are used to calculate the irradiance in a determinate
location with clear skies, emphasizing the dependence that they have with the hour, day
and air mass considered. On the other hand, [13] performs a series of models with the aim
3

of accomplishing a greater precision to calculate the irradiance distribution,
demonstrating again its dependence with the parameters earlier explained. In this
dissertation, it is also presented the variation and complexity of having into account the
cloudiness due to the necessity to measure several parameters.
Finally, given the significant role that convection processes have in this system, some
studies have been carried out to check the validity of Nusselt number to calculate the
convection coefficient in this project. Correlations of this parameter for different
configurations have been widely investigated and contrasted with experimental data to
prove their validity. One example of these research is [14], which provides an in-depth
analysis of the validation of different correlations of Nusselts number for the micro-fin
tube that were developing for different scientifics over the years. The author compares
these correlations with experimental data analysing the relative mean bias error (MBE)
and the root mean square error (RMSE), reaching a high agreement between the
experimental and correlation formulas.
To sum up, this literature review has pointed out the feasibility of using COMSOL to
develop this project. This is based on the method that it uses, tests that check its validity
as well as the success achieved in its use in similar applications. On the other hand, it has
been attempted to underscore by the study of the district heating that this is a system that do
not produce environmental impact because it uses residual energy which can be generated
with low emissions. Finally, some research have been analysed in order to consider different
simplifications to develop the project as well as validating the Nusselt number to calculate
convection coefficients.

1.3. Aims
This thesis has the aim of analysing whether it would be possible to work on the working
points established by Gävle Energi, which are presented in Table 1.1, changing the actual
configuration of the benches as well as the amount of glycol flow that passes for them.
As can be seen from Table 1.1, they are interested in working in the most efficient way
possible, using the minimum supply temperature to always achieve 35 °C on the stone
surface. It should be noted that this is only a proposal in which possible modifications can
be carried out on it if it is not feasible to achieve these requirements as long as the new
configuration allows to achieve the temperature desired on the surface in the most
efficient way possible.
Some of these parameters are the heat exchanger configuration, the supply glycol
temperature or the amount of glycol that goes through the stones.
Table 1.1: Gävle Energi specifications
Texterior (°C )

Tsupply (°C )

Tstone surface (°C )

0
-5
-10

40
45
50

35
35
35

Obviously, the exterior temperature can reach other values as this system works from
15th of September to 30th of April. However, Gävle Energi has considered the exterior
4

temperatures of 0, -5 and -10°C as criticals. Thus, the study is focused on these cases and
once the new configuration is designed, the simulations are extrapolated for other exterior
temperatures, checking whether the 35°C are attainale on the proposed supply conditions.
Regarding the limitations, it is worth mentioning that the time has been the responsible
for a deeper development of the specifications.

1.4. Approach
The study has been developed by different simulations of the seats by COMSOL
Multhiphysic 5.1. For that, information about the installation has been provided by Gävle
Energi at the beginning of the study. Other tools that have been used to analyse the system
are EXCEL as well as pictures taken by a thermal camera to examine the current situation
of the seat temperatures.
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2. Theory
This section gives an overview of the base theory involved in the project as well as the
most important analytical equations use.

2.1. Conduction
This type of heat transmission has a meaningful contribution to this system. This is
because it is the responsible for conducting the heat from the walls of the pipes to the
stone surface besides the heat from the seat to the people that sit on them. These are the
reasons why it results really interesting to carry out an in depth study about it.
Conduction can be defined as the phenomenon that happens when a temperature gradient
in a body causes an energy transfer from the high temperature area to the low temperature
area. This fact can be expressed by Fourier´s formula:

𝜕𝑇

𝑞 = −𝑘𝐴 𝜕𝑥
Where

𝜕𝑇
𝜕𝑥

[2.1]

is the temperature gradient in the direction of the heat flux. In addition, the

minus sign gives account of the second thermodynamic law. The integration of this
equation provides the solution of a steady and one dimensional problem in which the
temperature does not change with the time. However, this is not the common case, so it
is interesting to lay out how the equation would be where the temperature changes with
the time and there are heat sources in the system. It can be expressed by the following
formula:
𝐸𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑒𝑑 𝑖𝑛 𝑙𝑒𝑓𝑡 𝑓𝑎𝑐𝑒 + ℎ𝑒𝑎𝑡 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑤𝑖𝑡ℎ𝑖𝑛 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 =
𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 + 𝑒𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑒𝑑 𝑜𝑢𝑡 𝑟𝑖𝑔ℎ𝑡 𝑓𝑎𝑐𝑒
[2.2]

Which can be expressed mathematically as:
𝜕𝑇

o 𝐸𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑒𝑑 𝑖𝑛 𝑙𝑒𝑓𝑡 𝑓𝑎𝑐𝑒 = 𝑞𝑥 = −𝑘𝐴 𝜕𝑥

o 𝐻𝑒𝑎𝑡 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑤𝑖𝑡ℎ𝑖𝑛 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 = 𝑞𝑔𝑒𝑛 = 𝑞̇ 𝐴𝑑𝑥
𝜕𝑇

o 𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 = 𝜌𝑐𝐴 𝜕𝑥 𝑑𝑥 =

𝑑𝐸
𝑑𝑡
𝜕𝑇

𝜕𝑇

o 𝐸𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑒𝑑 𝑜𝑢𝑡 𝑟𝑖𝑔ℎ𝑡 𝑓𝑎𝑐𝑒 = 𝑞𝑥+𝑑𝑥 = −𝑘𝐴 𝜕𝑥 ]𝑥+𝑑𝑥 = −𝐴[𝑘 𝜕𝑥 +
𝜕
𝜕𝑥

𝜕𝑇

(k𝜕𝑥 )𝑑𝑥]
7

This expression can be expanded to the three dimensions, which results really significant
in this project as a model with these dimensions is analysed. With this purpose it should
be taken in consideration the heat conducted in and out of a unit volume in the three
dimensions as illustrated by Figure 2.1. The formulas that explain this process can be
expressed as:
𝑞𝑥 + 𝑞𝑦 + 𝑞𝑧 + 𝑞𝑔𝑒𝑛 = 𝑞𝑥+𝑑𝑥 + 𝑞𝑦+𝑑𝑦 + 𝑞𝑧+𝑑𝑧 +

𝑑𝐸
𝑑𝑡

[2.3]

Figure 2.1: Heat conduction in a three dimensions model.
Resolving this equation in detail, the general three dimensional heat conduction can be
expressed such as:
𝜕 2 𝑇 𝜕 2 𝑇 𝜕 2 𝑇 𝑞̇
1 𝜕𝑇
+ 2+
+ =
2
2
𝜕𝑥
𝜕𝑦
𝜕𝑧
𝑘
𝛼 𝜕𝑡

[2.4]

Where α = k/ρc depicts the thermal diffusivity of the material and expresses the speed
at which the heat diffuses through the material. The previous formula is expressed as eq.
2.5 by COMSOL.
𝜌𝐶𝑝

𝜕𝑇
+ ∇ (−𝑘∇𝑇) = 𝑄
𝜕𝑡

𝑊



𝐻𝑒𝑎𝑡 𝑠𝑜𝑢𝑟𝑐𝑒 (𝑚3) = 𝑄



𝑄𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 − 𝑘∇𝑇 = −𝑘 𝜕𝑥



𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 = 𝜌𝐶𝑝 𝜕𝑡

𝜕𝑇
𝑖

𝜕𝑇
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[2.5]

Given this study is developed in a steady mode, there is not any change in the temperature
during the time. Therefore, the final expression used for the different simulation is the
next one:
∇ (−𝑘∇𝑇) = 𝑄

[2.6]

The more dimensions are taken into account, the more difficult the problem becomes.
While the problem can be solved by resistance circuits for 1D, solving it in a 2D or 3D is
more indicate. There are many methods to solve 2D problems such as analytical
techniques that require a high level of the user in orthogonal functions such as Fourier or
Bessel, graphical analysis or the utilisation of standardized shape factors for different
configurations. However, there are many cases in which it is impossible to reach the
analytical resolution because of the system´s complexity. For such cases, the finitedifference technique is the most appropriate method to accomplish the solution. This is
used by COMSOL.
The finite element method allows to solve the partial different equations that describe
physical problems. With this aid, the problem is divided into smaller and equal parts
called finite elements. These elements mean differential increments in the temperature
and space coordinates. The smaller the parts are considered, the more precision in
calculations is obtained.
The division in different parts of the system is carried out by COMSOL through the mesh.
This tool enables to choose the size of the parts in which the problem is divided. Figure
2.2 illustrates the division parts in which the seats are divided.

Figure 2.2: Mesh in the 3D model by COMSOL.

2.2. Convection
Convection can be defined as the heat transfer between a fluid in motion and a surface
which are at different temperatures. This phenomenon is depicted by the Newton cooling
law through the following empirical relationship:
𝑞 = ℎ𝐴(𝑇𝑤 − 𝑇∞ )

[2.7]

Where 𝑇𝑤 is the surface temperature, 𝑇∞ the flow temperature, 𝐴 the surface in contact
and ℎ the convection coefficient. The complexity of solving this equation lies in
calculating the convection coefficient as it depends on the geometry of the problem,
velocity of the fluid, the kind of convection presented in the system and on thermal
parameters, which in turns hinge on the working temperatures.
9

The most common parameter used for calculating this coefficient is the Nusselt number,
which represents a relation between the heat transfer rates by convection and conduction
in a fluid.
ℎ𝐿
[2.8]
𝑁𝑢 =
𝑘
Another parameter used for convection calculations is the Reynolds number.
Nevertheless, before presenting it, it is important to describe the phenomena presented in
this kind of heat transfer.
On the surface considered, it is obeyed the non-sliding law in which the fluid is in absolute
repose due to the viscosity forces are higher than the inertia forces. As the fluid moves
from the surface, the inertia forces are becoming predominant, however there is a region
called boundary layer in which the viscosity forces continue having more influence than
the inertia ones. The flow in this region is called laminar flow. It highlights for having an
ordered movement, in fact it can be represented by a parabolic speed profile.
Out the boundary layer, the inertia forces predominate over the viscosity ones and the
flow is depicted as a disordered movement with a high heat transfer. The fluid in this case
is called turbulent. In addition, it can be considered another kind of flow between both,
the transient flow. This is characterised by the beginning of the instability of the fluid
lines.
The transition from laminar to turbulent is analysed through different ranges by the
previously mentioned Reynolds number. Following this, the ranges used for the different
types of flow as well as the empirical formulas to calculate this number are presented.
For outer flow: 𝑅𝑒𝑥 =
For inner flow: 𝑅𝑒𝐷 =

𝜌𝑢∞ 𝑥

[2.9]

𝜇
𝜌𝑢∞ 𝐷

[2.10]

𝜇

Table 2.1: Reynolds numbers ranges.
Laminar

Transition

2300

𝑅𝑒

Turbulent

4000

Apart from the previous classification, the flow can also be divided in natural or forced
depending on the agent that causes the movement besides interior or exterior, depending
on whether the flow is outer the surface or inner it. Care must be taken in consideration
to evaluate the kind of flow and the geometry studied, because there are different formulas
for each one.
By analysing now the studied case, it is possible to appreciate that the stones are subjected
by two kinds of convection. On the one hand, the stone surfaces are subjected by natural
exterior convection due to the movement of the exterior air and on the other hand, there
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is a forced internal convection inner the pipes, which is brought on by the movement of
the glycol in them. Following this, a study about how to solve the two convection heat
transfers presented in the project is developed.
2.2.1. Inner forced convection
It can be considered the most important heat transfer in the technology as it transmits the
heat from the glycol to the pipes, which simultaneously transfer this heat by conduction
to the stone surface.
As it has been explained before, the calculation of convection heat transfer is built on
calculating the convection coefficient. With this purpose, the same procedure is always
followed. First of all, it is necessary to calculate the Nusselt number through different
standardized formulas that collect thermal information of the fluid such as thermal
conductivity or viscosity, as well as information about the geometry of the pipes. For its
calculation, it is necessary to differentiate between laminar and turbulent flows.
 Laminar flow
One example of this kind of formula developed for fully developed laminar flow at
constant wall temperature is the following one:

𝑁𝑢𝑑 = 3.66 +

𝐷
0.0668( 𝐿 )𝑅𝑒𝑑 𝑃𝑟
𝑑𝐷
1 + 0.04[( 𝐿 ) 𝑅𝑒𝑑 𝑃𝑟]2/3
𝑃𝑟 =

𝜇𝐶𝑝
𝑘

[2.11]

[2.12]

The interesting point of these formulas is that all the thermal parameters involved in Re,
Nu and Pr equations are evaluated at the average temperature between the supply and the
final temperature of the flow in the pipes. The Pr parameter points out the relation
between the viscosity and the thermal conductivity.
Another way to calculate the Nusselt number is by the use of tabulated tables that show
different values of Nusselt number for fully developed laminar flow and for different
geometries. One of these tables has been presented in the Appendix A. For demonstrating
that the flow is fully developed, the following formula can be used:
𝐿
> 0.05𝑅𝑒
𝐷

[2.13]

 Turbulent flow
There are many formulas developed for this kind of calculation. However, the one chosen
for this analysis has been the next one, which is applicable for fully developed turbulent
flows in smooth tubes:
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𝑁𝑢 = 0.023𝑅𝑒 0.8 𝑃𝑟 0.3

[2.14]

Being n=0.3 because of the cooling of the fluid.
Once the Nusselt number is known, ℎ can be calculated for both laminar and turbulent
flows by the formula 2.8 and the heat transfer by the formula 2.7 that in terms can be
expressed also as follows:
𝑞 = ℎ𝐴(𝑇𝑤 − 𝑇∞ ) = 𝑚̇𝐶𝑝(𝑇𝑒 − 𝑇𝑠 )

[2.15]

2.2.2. Outer natural convection
The same methodology is followed in this case to calculate the h value. However, the
formulas that define the case are:

𝐺𝑟𝐿 =

𝑁𝑢 = 𝐶(𝐺𝑟𝐿 Pr)𝑚

[2.16]

𝑔𝛽(𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝑇∞ )𝐿3 𝜌2
𝜇2

[2.17]

𝑃𝑟 =

𝜇𝐶𝑝
𝑘

[2.18]

Being all the thermal parameters evaluated at the average temperature between the surface
and the exterior temperature.
These formulas have been described to emphasize the dependence that the numerical
calculation has with the working temperatures and consequently the complexity that it
involves. For that reason, this method has not been used to calculate the h for the studied
case, being the procedure used for that explained in the section 2.4.

2.3. Radiation
The third heat transfer mode involved in this system is the electromagnetic radiation
propagated due to a temperature difference, which is called thermal radiation. In this case,
the part of the system that is subjected by this phenomenon is the exterior stone surface,
being interesting for this discussion only the horizontal surface where people sit. The
radiation phenomena to which the stone surface is subjected must be analysed in order to
understand the heat losses and gains achieved on them as consequences of the thermal
radiation.
It is important to start this analysis emphasizing that the body studied is not a blackbody
as the stone surface does not absorb all the radiation that it receives, existing a determinate
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energy that is reflected and emitted. In order to analyse these nonblack bodies some
considerations are assumed:
 The surface considered has diffuse and uniform radiant properties as well as constant
reflective and emissive properties over all the surface.
 There is no transmittance from the surface to the inner system due to the majority of
the solids are opaque to the thermal radiation.
With the previous assumptions, it is possible to split up the thermal radiation in two terms,
which at the same time are divided in more parts:
 𝑮 = 𝒊𝒓𝒓𝒂𝒅𝒊𝒂𝒕𝒊𝒐𝒏 = total radiation incident on a surface per area and time,
composed of:


Direct irradiance: that which reaches the surface from the direction of the
Sun.



Scattering irradiance: that which attains the surface after its direction is
modified by particles presented in the sky such as dust, smog or clouds. This
phenomenon depends mainly on the size of the particulars compared to
wavelengths and has more important during overcast days.



Reflected irradiance: in this definition is also possible to consider two terms:
the reflected irradiance from the atmosphere, known as albedo and the
reflected irradiance that the surface receives from other surfaces around it.
However, in horizontal surfaces the term from the atmosphere can be
neglected because they do not “see” the surface of the Earth.

 𝑱 = 𝒓𝒂𝒅𝒊𝒐𝒔𝒊𝒕𝒚= total radiation that leaves the surface per area and time. It has into
consideration the energy emitted and the energy reflected by the surface.
These parameters are also considered uniform to not complicate the case. The Figure 2.3
illustrates all these terms graphically.

Figure 2.3: Radiation parameters.
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The energy balance at the surface can be expressed as following:
𝑞
= 𝐽 − 𝐺 = 𝜀𝐸𝑏 + 𝜌𝐺 − 𝐺
𝐴

[2.19]

In the above formula, 𝐸𝑏 term, which is the total energy radiated per unit time and per
unit area by the ideal radiator, should be highlighted. This parameter is defined by the
Stefan-Boltzmann
law
as
follows:
𝐸𝑏 = 𝜎𝑇 4

[2.20]

Being 𝜎 the Stefan-Boltzmann constant with a value of 5,669 ∗ 10−8 W/m2. 𝐾 4
Given the interesting point of this section is pointing out why some simplifications have
been assumed, it is not necessary to explain the development of the previous equation in
details, being the term G of the equation 2.19 that has led to assume simplifications.
To calculate this term, it is necessary to know the direct and the scattering irradiance,
which hinge on the day and hour of the day, the atmospheric conditions and the angle in
which the sun´s rays fall upon the surface of the earth. Furthermore, the majority of the
literature about this kind of calculations is referred to clear days and the little literature
about how to have into account the overcast days explains formulas in which difficult
parameters such as the amount of clouds or the geometric distribution of them are
necessary.
In addition, it also depends on the reflected radiation, whose calculation would lead to
carry out the study about the surfaces with different temperature compared to the stone
around the seat with which the stone exchanges radiation. For these kind of calculations,
radiation shape factor standardized for different geometries are used. To achieve a greater
understanding, it has decided to show the Eq. 2.21, which defines the energy that leaves
the surface 1 and arrives to the surface 2 in which this kind of factor are used:
𝐽1 𝐴1 𝐹12

[2.21]

After explaining the dependences that the radiation calculation has with different
parameters, it is easier to understand why there has not been carried out a calculation in
detail of the exact radiation at which the system is subjected. On the one hand, although
there are many data base about global irradiance in different places during different years,
as has been explained earlier they vary with the time so, if they are taken into account,
there would be several variables to consider in the system, which would complicate the
case fairly. And on the other hand, the reflected irradiance calculation would lead to
evaluate the building around the surface to calculate the radiation shape factors. For these
reasons, another way of calculation explained in following section has been carried out.
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2.4. External radiation and convection
The external convection and radiation have an important impact on the heat gains and
losses of the stone surface. Thus, due to both phenomena appear closely associated
together with the fact that the high concrete emissivity makes impossible to despise the
effects of the radiation, it is convenient to express a formula which has both into account.
This is defined as:
[2.22]
𝑞 = (ℎ𝑐 + ℎ𝑟 )𝐴(𝑇𝑤 − 𝑇∞ ) = ℎ0 𝐴(𝑇𝑤 − 𝑇∞ )
Being ℎ𝑜 the convection coefficient that has into consideration both conduction and
convection. The calculation of this parameter is really tedious because ℎ𝑐 depends on
parameters such as the temperatures wind speed which vary for each case as have been
explained previously and also because of ℎ𝑟 calculation. This new parameter in turns
hinges on the surface stone temperatures as well as the sky temperature, which is difficult
to calculate.
Thus as the complexity of its calculation, some convection + radiation coefficient for
external convection dependent on the air speed have been developed and are shown in
Appendix B.
On the other hand, numerous literature define a new temperature, called temperature sun
air, which is used in the previously formula replacing the ambient temperature.
Nevertheless, the calculation of this parameter involves again the irradiance calculation
that as has been explained earlier has many variables. Therefore, in this study the
temperature used is the ambient temperature as well as the one of the standardized
convection + radiation coefficient for external surfaces.

2.5. Pressure drop
Eventually, it must be explained how to calculate the drop pressure in each seat because
of its importance for the pump design. For that, a friction factor calls coefficient of
resistance of Darcy - Weisbach is used. This is a dimensionless parameter used to define
the drop pressure in a pipe owing to the friction.
The calculation of f can be solved by the Moody Diagram. It relates the Reynolds number
with f depending on whether the flow is laminar or turbulent and the type of pipe analysed.
Moreover, there are formulas that define these correlations, which are used in this study
in order to achieve a high precision.
64
[2.23]
𝑓𝑙𝑎𝑚𝑖𝑛𝑎𝑟 =
𝑅𝑒
𝑓𝑡𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡 = (1.82𝑙𝑜𝑔10 𝑅𝑒 − 1.64)−2

[2.24]

Once the f is known, the drop pressure is calculated by:
𝑓𝐿𝑣 2
2𝑔𝐷

∆𝑃 =

15

[2.25]
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3. Methods
This thesis section presents the steps that were carried out to develop the project besides
the tools used for them. With this purpose, this section is going to be split up in different
parts.

3.1. Analysis of the initial situation
The first step that was carried out was the collection of information about the current
configuration of the benches by Gävle Energi. This information includes the actual
working temperatures, geometry of the pipes and the stone, as well as all the dimensions
and materials present in the system. Moreover, an overview about how the total system
looks like and works was provided. All the drawings provided by the company have been
added in the Appendix C.
Another important step that was developed before starting with the changes was the
assessment of the surface temperature in the different seats with a thermal camera. It has
been carried to give account of:
1. Current achieved temperatures in the stones before different exterior conditions.
2. Differences in the surface temperatures of some stone respect to the others.
3. Some kind of anomaly in the accomplished temperatures distribution in the surface
stone.

3.2. System simulation by COMSOL
Once all the main parameters that define the configuration were known, it was possible
to simulate the system by COMSOL Multhiphysics 5.1. For that, only one stone with its
corresponding heat exchanger inside was modelled as all of them have the same properties
and dimensions. It should be highlighted that the study started with the current stone
configuration because it depicts the starting point to future modifications. Some
considerations were taken into account for its modelling in COMSOL:
 As it has been explained before, the radiation and convection effects upon the seat
surface were taken into account by a coefficient h that considers both. In the study
cases, and based on data about wind velocity average in Gävle the coefficient used
has been 22. 7 W/ (m2 K), Appendix B. Besides, the temperature used was the
exterior one.
 It was assumed that the ground of the stone was five degrees above the exterior
temperature. It allows to simulate the heat losses from the pipes to the ground.
 The flow, despite being a fluid, was considered as a solid owing to it reduces the
time of the simulations and allow to make easier the calculations. For instance, if
glycol had been considered as a fluid it would have been necessary to input the
velocity of it for each case, which would have been really tedious. Thus, the
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solution considered glycol as a solid with a constant temperature through the pipes
inside the stones. This temperature was the average between the supply
temperature and the final temperature of the glycol in each stone, being the current
temperature drop inner the pipes around 2°C.
 Another simplification was carried out again to avoid problems with the time of
simulations. However, the configuration of the pipes must be described before
explaining this simplification.
The current pipes within each stone are a model from UPONOR, they have a
diameter of 20mm with 2mm of PE-Xa (Polyethylene). The exact model is shown
in the Appendix D.
To simulate the phenomena that happens in them in a faster way, three different
models of COMSOL were used:
1. A 3D model that only considers the internal diameter of 16mm, without
the plastic thickness, being its material glycol. From now, it is called 3D.1
model. In other words, it tries to represent only the glycol inner the pipes.
This is used to evaluate the heat flux for each case and consequently the
mass flow that goes through that interior diameter. With the mass flow and
other thermal properties of the glycol extracted from the standardized
tables illustrated in the Appendix E, other important parameters that would
define the flow as a fluid were calculated: velocity, Reynolds and Nusselt
number and consequently the convection coefficient.
2. A 2D model that represents one of the pipes within the stone. This model
has into account the plastic thickness as well and was used to evaluate the
temperature drop from the glycol to the end of the pipe owing to the plastic
thickness.
3. A 3D model that accounts the total diameter of the pipes, 20mm, being its
material in this case plastic, therefore simulating the current configuration
of them. It enabled to calculate what would be the temperature on the
surface stone having into account the drop temperature in the plastic. This
is called 3D.2 model.
Following this, two images about the 3D and 2D models developed by COMSOL are
presented in Figure 3.1 and Figure 3.2, respectively.

Figure 3.1: Current configuration simulated by COMSOL.
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Figure 3.2: Pipe inner the stone.
Once the current configuration was modelled by COMSOL, a comparison between the
data collected by the thermal camera and the results obtained by COMSOL simulations
was performed in order to validate the viability of the model.

3.3. Changes in the heat exchanger configuration
Once the initial heat exchanger configuration was modelled, it was possible to carry out
all the convenient changes on it to achieve the requirements from Gävle Energi as much
as possible. For that, there were many parameters in the system that can be modified:








Pipes diameter.
Number of turns.
Distance between the turns.
Distance between the top of the bench and the pipes. It must be taken into account
that there is a minimum security distance between the pipes and the surface of
15mm.
Material of the pipes.
Distance at which the pipes starts from the centre of the surface.

However, there are other parameters that were considered non-modifiable such as the use
of glycol owing to its great characteristic and experience working as heat transfer fluid
and the thickness of the plastic in the pipes. Although it was considered the possibility of
changing the material, the thickness was maintained with the same value owing to this is
the typical value used for types with a diameter lower than 35mm in a similar technology,
radiant floors. Nevertheless, it should be emphasized that the previous consideration were
as well a way to reduce the number of variables of the system.
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3.4. Evaluation of the main parameters
The procedure to calculate the temperature achieved on the surface is described as
follows:
 3D.1 model
First of all, the simulation was carried out by the 3D.1 model, which represents the glycol
flow inner the pipes. For that, it was considered a supply temperature and a temperature
drop inner them, being the input temperature the average between the supply and the final
temperature of the pipes calculated by the drop temperature.
From this simulation, the heat flux was calculated. The extraction of it was calculated by
COMSOL, inputting a Derived value-> Surface integration. Apart from that, thermal
properties of the glycol at the average temperature were extracted from standardized
tables. Once these values were known, the mass flow was calculated by the Eq. 2.14,
having into account the supply and the final temperature of the glycol that had been
considered previously. Once the mass flow was known, the velocity of the fluid was
calculated by:
𝑣=

𝑚̇
𝑚̇
=
𝜌𝐴𝑟𝑒𝑎 𝜌𝜋 𝑅 2

[3.1]

Being R the internal radius of the pipes, not considering the plastic thickness. With the
velocity and the parameters from the tables was possible to calculate the Reynolds number
as has been defined by Eq. 2.10. This number allows to evaluate whether the flow is
laminar or turbulent and calculate the Nusselt number by which finally the convection
coefficient is cleared.
With all this procedure the glycol that had been defined as a solid became a fluid with the
most important parameters that define a heat transfer by convection.

 2D model
In this model, the convection coefficient and the flow temperature are input as constant
values through the inner radio of the pipes as can be seen in Figure 3.3. On the other
hand, the kind of plastic that the pipes have and the temperature of the stone surface are
introduced as constant values. After the simulation it was possible to assess the drop
temperature between the inner radio and the external radio by streamlines in COMSOL
and extract the new temperature in the external radio of the pipes. This temperature was
used in the 3D.2 model.
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Figure 3.3: 2D model simulation.
 3D.2 model
In this new simulation the pipes described in the preceding section, were simulated with
a constant temperature equal to the temperature achieved in the external radio of the pipes
by the 2D model, which takes into account the temperature drop. Hence, with this
simulation it was viable to evaluate the real temperature on the surface taking into account
the temperature drop in the thickness that at the same time has been calculated considering
that there is glycol inner the pipes with a determinate convection coefficient.

3.5. Procedure to achieve the correct parameters
With the purpose of figuring out the parameters of the heat exchanger that would attain
the specifications of Gävle Energi, numerous simulations were carried out. Following
this, the procedure that was followed in this project is detailed.
1. Assessment of the temperature accomplished on the surface maintaining the
present height: if the supply temperatures are high and far from the requirements,
it must continue with the following steps.
2. Increase of the heat transfer area and decrease of the distance between pipes and
stone surface: two scenarios with different values of internal radius of the pipes,
number of pipes, height of these and distance between them were simulated to
know with which configuration would achieve a higher temperature on the
surface.
3. Evaluation of the glycol temperature: once the stone configuration that enabled to
achieve highest temperatures on the surface was calculated by the preceding
procedure, the temperature of glycol that permitted to accomplish approximately
35°C in the surface in each case was evaluated. This was carried out with a
temperature drop of 2°C due to it is the current one.
4. Study of the glycol velocity and mass flow calculated in the step 2: If their values
were low enough and the supply temperature continued being high, the drop
temperature inner pipes was decreased, evaluating again the supply temperature
necessary to accomplish the temperature desired on the surface.
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5. Analysis of other types of changes in the configuration: whether with the previous
shifts the supply temperatures were still high and really far from the
specifications, other kind of changes such as the material of the thickness were
evaluated.
6. Finally, when the chosen parameters had been evaluated for the three case studies,
these were evaluated at other temperatures to check if the 35°C were also achieved
in those cases using a reasonable supply temperature.
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4. Results
Chapter 4 describes the results obtained with the different simulations that have been
carried out by COMSOL as well as an overview about its current characteristics.
Although several simulations were developed to test different configurations, it should be
highlighted that only the ones that helped to draw the final conclusions are presented in
this thesis.

4.1. Current configuration
Figure 4.1 illustrates how the hot stones look like nowadays. On the other hand, Figure
4.2 shows the whole structure of the system.

Figure 4.1: Hot stone.

Figure 4.2: Current system configuration.
The hot water from the district heating exchanges heat with the glycol that flows through
a secondary circuit. After receiving this heat, different streams of glycol flow through the
different stones heating up their surfaces. Given nowadays the glycol supply temperature
is always 45 °C (318.15K), a sensor is used to control that the glycol attains that
temperature, regulating for that the amount of hot water necessary from the district
heating by a valve in the primary circuit. It can be considered that there are not heat losses
in the secondary circuit so the supply temperature in each stone is currently 45 °C. As
have been detailed earlier a blueprints with the overview of the installation have been
added in the Appendix C. Following this, the details provided by the company about the
present dimensions are presented:
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Figure 4.3: Present hot stone dimensions.
Figure 4.3 can help to understand the main parameters that define the configuration.





Major radius: distance between the centre of the stone to the centre of the first pipe.
Radial pitch: distance between the centres of the pipes, which in the current
configuration has a value of 5.5cm.
Minor radius: total radius of the pipe. For instance, nowadays this parameter has a
value of 10mm.
Z: distance between the centres of the pipes to the ground.

4.2. Current temperature distribution
Thereupon the pictures that were taken with the thermal camera are presented to point out
the temperature distribution that is achieved at the moment in days with different
conditions.
4.2.1. Overcast sky T=2 °C (275.15K) 8:00 am
Figure 4.4 and 4.5 show the temperature in different points of the surface from two
different perspectives in the first hot stone. On the other hand, Figure 4.6 represents the
temperature variation that can be appreciated from the centre of the stone to the edge of
it.

Figure 4.4 & 4.5: Temperature distribution in hot stone 1.
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Figure 4.6: Radial temperature distribution in hot stone 1.
More pictures were taken to the other benches to show the temperature variation that
exists between each one. One example of them is illustrated in the Figure 4.7.

Figure 4.7: Temperature distribution in hot stone 5.

Finally, the Table 4.1 points out the maximum and minimum temperature that every stone
presents in order to enable a high understanding about the temperature difference between
them. The number of each stone has been illustrated in Appendix C.

Table 4.1: Tmax and Tmin achieved on the different benches surfaces.

Hot stone
1
2
3
4
5

Tmax
(°C)
32.2
28.8
31.5
37.4
32.4
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Tmin
(°C)
18.7
16.9
15.1
17.7
16.9

4.2.2. Clear sky T=4°C (277.15K) 21:00 pm
With the aim of contrasting the system before different exterior conditions, the following
Figures show the temperature achieved in the first and last hot stones 1 with the conditions
specified in the title above.

Figure 4.8: Temperature distribution in hot stone 1.
before different exterior conditions.

Figure 4.9: Temperature distribution in hot stone 5
before different exterior conditions.

4.3. Simulation of the current configuration by COMSOL
Figure 4.10 illustrates the current configuration of the heat exchanger presented inner
each bench. This has been modelled with the simplifications than have been explained
previously. With the aid of COMSOL it was possible to calculate the current length of
the pipes within the stone, 29.79m.
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Figure 4.10: Current heat exchanger configuration.

Moreover, it has been purported to check the validity of the model simulating by
COMSOL one of the cases evaluated by the thermal camera. It has been considered the
case in which the exterior temperature is 8°C (241.15K). As it has been explained earlier,
currently the supply temperature is 45°C with a temperature drop of 2°C inner the pipes,
so the temperature of the glycol inner the pipes is about 44°C (317K). Table 4.2 illustrates
the results obtained by the simulation of the system in the 3D.1 model used to calculate
the convection coefficient.
Table 4.2: Results of the 2D.1 simulation in the current configuration.
T (K)

P
(W)

Density
(kg/m3)

317.15 787.1 1095.00

Cp
Viscosity
(K/(kg.K))
(Pa.s)
2466 2

0.01

Thermal
v
𝑚̇
conductivity
(kg/s) (m/s)
(W/(m.K))
0.26

0.16

0.72

Re

Nusselt

h
(W/(m2K))

1410.89

3.66

58.79

On the other hand, using the h calculated, the drop temperature due to the plastic thickness
has been calculated by the 2D model, reaching 2.25°C as shown in Figure 4.11, where
the temperature drops until 41.75°C (314.9K) in the outer plastic thickness.

Figure 4.11: simulation 2D of the current configuration.

Finally, simulating in the 3D.2 model with an inner temperature of the pipes of 41.75°C
(314.9K) , the average surface temperature achieved in the model is 25.47 °C (298.62 K),
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around the average temperature of the ones that have been illustrated in Figure 4.4 and
4.5.
Figure 4.12 is the representation of the inner bench and Figure 4.13 points out the
temperature distribution on the stone surface as a result of the heat transfer, being the
arrows the directions in which the heat is transferred.

Figure 4.12: Inner bench representation.

Figure 4.13: Surface stone representation.

4.4. Evaluation of the new configuration
This section has been divided according to the procedure that has been outlined in the
methods chapter.
4.4.1. Evaluation of the outcomes maintaining the present height
Even though several simulations were carried out with different configurations and for
the different cases, only two configurations are shown in this subchapter due to their
results are clear enough to understand why it was decided to change the height. They were
simulated for the case 0 and as can be seen from Table 4.3 the supply temperatures are
really high. It must be emphasized that the the minnur radius makes reference to the
internal radius of the pipes, while the major radius has been specified in the Figure 4.3.

Table 4.3: Results of simulations at z=0.45m
Turns

Major radius
(m)

Minor radius
(m)

Radial pitch
(m)

Tsupply (°C )

9

0.02

0.035

0.076

51

8

0.055

0.03

0.078

55

4.4.2. Increase of the heat transfer area and decrease the distance between
the pipes and the surface
The parameters that define the two cases analysed as well as the temperatures achieved
are itemized in Table 4.4. These simulations were accomplished with an exterior
temperature of -10°C, a supply temperature of 50°C and a temperature drop of 2°C.
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Table 4.4: Summary of the main characteristics of the scenarios studied.
Minor
Major
Radial
Total
Case
Turns
radius
Tsurface (°C)
radius (m)
pitch (m) length (m)
(m)
Case -10 z=0.46
11
0.025
0.025
0.06
26.28
31.02
Case -10 z=0.47
17
0.025
0.015
0.04
40.7
32.42

Even though the surface temperature achieved in the previous cases is not 35°C (308K),
these simulations showed how with the second configuration is possible to achieve higher
temperatures on the surface than with the one at z=0.46m operating at the same supply
temperature. This is the reason why it was the chosen one to continue with the
calculations. In addition, the models of COMSOL are illustrated in the succeeding
figures.

Figure 4.14: Configuration at z=0.46m.

Figure 4.15: Configuration at z=0.47m.

4.4.3. Evaluation of the glycol temperature with a temperature drop of 2°C
In this section the tables that sum up the final result for the different cases are presented.
Although many different glycol temperature were tested, it has decided to present only
those which achieve approximately 35° C to accomplish a better understanding. In the
Appendix F, the calculations for each case have been added.

Table 4.5: Results with a temperature drop of 2°C.
Case
0
-5
-10

Tsupply Tglycol
Q
v
P (W)
(°C)
(°C)
(l/min) (m/s)
50
52
54

49
51
53

1066.3
1231.2
1374.1

12.35
12.58
16.44

Re

0.37 1160.5
0.42 1717.1
0.48 2235.8
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h
ΔT
(W/(m2K)) pipe
36.46
36.60
36.88

ΔP
(m)

3.15 0.595
3.55 0.535
4.55 0.514

Tsurface
(°C)
34.77
34.74
34.71

As can be seen in Table 4.5 the flow is laminar due to Reynolds values are less than 2300.
On the other hand, the Nu number used has been 3.66, value extracted from the
standardized tables as the flow is fully developed as the next law is obeyed in all the
previous cases.
𝐿
40.7
=
= 1565.38 > 0.05𝑅𝑒
[4.1]
𝐷 0.026
As can be seen in the above table, the flow velocities are really low so it was proposed to
reduce the temperature drop in the inner pipes and evaluate the changes with respect to
this case.

4.4.4. Study of the glycol temperature with a temperature drop of 0.5°C
The results obtained with this temperature drop are illustrated in the Table 4.6.
Table 4.6: Results with a temperature drop of 0.5°C.
Case

Tsupply Tglycol
(°C)
(°C)

P (W)

Q
v
(l/min) (m/s)

Re

h
ΔT
(W/(m2K)) pipe

ΔP
(m)

Tsurface
(°C)

0

49

39.75

1060.8

50.93

1.47

4618.2

746.94

3.4

6.756

34.69

-5

51

50.75

1225.7

58.65

1.69

6837.9

954.27

3.9

7.978

34.66

-10

53

52.75

1368.60

65.48

1.89

8907.6

1128.81

4.40 9.245

34.63

In this case, as Re numbers are higher than 4000, the flows are turbulent and fully
developed as the formula 4.1 continue being valid with the new values.
Regarding the supply temperatures for each case, it is possible to observe that although
with the change of the drop temperature their value have decreased 1°C, they continue
being far from the specifications established by Gävle Energi. This is due to the high
temperature drop in the thickness of plastic. Thus, it was decided to change the material
of it for a material with a high thermal conductivity with which the temperature drop
could be considered practically cero. The chosen was copper.
4.4.5. Analysis of the system with a thickness of copper
First of all, it must be checked that the drop temperature can be considered around zero
with the copper thickness. For that, the case 0 with an average glycol temperature of
45.75°C (318.9K) was simulated and its results are showed in the next figure:
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Figure 4.16: Evaluation of the drop temperature
with copper thickness.

Once it was checked, the results of the simulations considering a glycol temperature drop
of 0.5°C were developed and are illustrated in the succeeding table:

Table 4.7: Results with copper thickness.
Case

Tsupply Tglycol
(°C)
(°C)

p (W)

Q
v (m/s)
(l/min)

Re

h
(W/(m2*K))

ΔT
pipe

ΔP
(m)

Tsurface
(°C)

0

46

45.75

994.83

48.24

1.38

4374.97

711.20

0

6.13
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-5

47

46.75

1137.70

54.99

1.58

4986.42

790.46

0

7.66

34.58

-10

49

48.75

1280.60

61.48

1.77

5575.20

868.38

0

9.29

34.94

4.4.6. Evaluation of the new configuration at different temperatures
Thereupon, the results obtained at different exterior temperatures are presented. These
cases have been simulated with a thickness of copper and a temperature drop of 0.5°C.

Table 4.8: Results for different temperatures.
Case

Tsupply
(°C)

Tglycol
(°C)

P (W)

ṁ
(l/min)

v
(m/s)

ΔP (m)

Tsurface
(°C)

10

42

41.75

701.51

34.31

0.98

3.56

34.29

5

44

43.75

840.93

40.99

1.17

4.81

34.64

-15

50

49.75

1401.50

67.06

1.93

10.01

34.53

-20

52

51.75

1566.40

74.95

2.16

10.63

34.88
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5. Discussion
After several simulations, a new hot stone configuration has been designed. The
parameters that characterise the heat exchanger have been modified in order to work
always with around 35°C, getting as close as possible to the temperature requirements
established by Gävle Energi. Even so, the results of this study indicate that it is not
feasible to work on these set points.
As it has been explained previously, there is no literature on the question of enhancement
of exterior hot benches. Thus, this discussion is focused on explaining the results obtained
during this analysis which can be used for further future projects, not on contrasting them
with previous research.
First of all, it should be underscored that some errors may have been committed due to
the simplifications made. Among them it is possible to emphasize the use of a pipes
geometry totally symmetric, not being so in reality, as well as the use of a concrete thermal
conductivity value provided by COMSOL, being able to differ with the respect to the real
one. Besides, a stationary system has been modelled, not taking into account the amount
of heat that the surface could store during the day. Finally, another important
simplification has been the use of a constant radiation + convection coefficient. This
value, in addition to being able to vary from one tables to another, has been taken
considering a constant average wind speed throughout the year.
An overview of the current thermal situation of the hot stones has been illustrated in
section 4.2. For instance, Figure 4.1 and Figure 4.5 demonstrate that nowadays the
temperature accomplished on the surface is not the one desired by the company as well
as the existence of a huge variation in the temperature distribution on the surfaces.
Moreover, it is apparent from Table 4.4 the variation in temperatures from one stone to
other, which is due to an incorrect calculation of the flows of glycol in each one together
with the fact that each one is subjected by different external conditions such as wind speed
or external radiation. Finally, the comparison between the pictures that were taken before
different exterior conditions and at different times do not show a high difference,
demonstrating a low energy storage in the benches.
Despite the simplifications made in the system modelling, a comparison between the
average temperature on the surface calculated by the thermal pictures and by the
COMSOL simulation reveals a great approximation to the real system. This conclusion
is based on the similar values of the average temperature on the surface obtained in both
cases as can be seen in section 4.2.
Other leading aspect to take into consideration is that before making the decision of
raising the pipes height, numerous simulations with different configurations at the current
height were developed. They had the aim of finding out whether they were suitable for
reaching the requirements. However, the supply temperatures necessary to achieve 35°C
on the surface were really high as has been presented in Table 4.4, being the supply
temperature even 15°C higher than the one specified by Gävle Energi.
Because of that, it was decided to evaluate the system at higher height in order to decrease
the distance between pipes and surface, therefore reducing the temperature drop between
them and consequently improving the heat transfer. Simultaneously, the heat transfer area
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was increased by inputting larger radius and changing the number of turns, maximizing
the heat transfer area. The maximization of it was limited by the minimum security
distance between pipes and surface. For this limitation, only two cases at different height
were simulated.
The main parameters of each configuration as well as their results are illustrated in Table
4.4 and show how the configuration of the pipes at 0.47 m attains a surface temperature
1.4°C higher than the one at 0.46m. A possible explanation for it might be that
configuration at 0.46m has a higher radius than the other one, which entails a lower
average temperature on the surface. This phenomena can be explained by the Figure 4.3,
4.11, 4.12 and 4.13.
The larger the radius of the pipes is, the larger is the area close to the edge of the surface
that is less hot due to the lack of pipe below it. This is illustrated in Figure 4.11 and 4.12
by the blue area on the surface, which is bigger and more intense in the configuration at
z=0.46 than in the other one. Furthermore, it was possible to check this phenomenon with
the thermal camera, with which it was observed that there is a zone in each stone with a
much lower temperature that in the rest of the surface. This is apparent from points 2 of
the Figure 4.5 and Figure 4.8.
Although with this configuration the accomplished temperature on the surface was not
35°C, the values obtained were higher than in the other simulations. Therefore, its
geometric characteristics have been the chosen: 17 turns of the pipes, which have a total
diameter of 30mm and a distance between each other of 4cm. It should be highlighted
that this 30mm includes the 2mm of plastic thickness, so the glycol flows in a radius of
13mm, being the remaining 2mm the thickness of copper. At the same time the distance
between the centre of the stone to the centre of the first pipe is 2.5cm.
With these parameters and with the current temperature drop in the pipes the glycol
temperature necessary to attain approximately 35°C on the system was really far from the
specifications as shown in Table 4.5. However, one unanticipated finding was the low
values of the glycol velocity, which suggested the idea of changing the temperature drop
in the pipes for another lower, 0.5°C. This shift increases the flow velocity, however, as
their initial values are really low, the new values continue being low so the change can be
perfectly feasible as no huge alterations are caused in the system. It should be underscored
that the flow velocity is controlled by the heat pump of the system. On the other hand, the
change of the the temperature drop increases the glycol temperature in the pipes and
consequently the surface temperature, which has a positive impact on the system.
It can be seen from the data in Table 4.6 that despite the increase of the convection
coefficient, the supply temperature in this case only decreases 1°C with respect to the
previous simulation and the glycol velocity continue being low so the supposition carried
out previously is correct. Hence, even though the supply temperatures are lower in this
last test, they continue being far from what is required.
By analysing the different table of results, it is apparent from them that the main cause of
the use of high supply temperatures in the pipes is the temperature drop entailed by the
thickness plastic. This parameter reaches values between 3°C and 4°C, achieving higher
values as the glycol temperatures increases. However, this fact is not somewhat surprising
owing to the material used is plastic. This material is known for being a really bad thermal
conductor. In fact, it is used as insulation in many installations. Consequently, it was
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decided to change this material for copper given that this material has a really high
thermal conductivity and it is often used in several industrial processes for its great
behaviour to heat transfer.
In fact, it was checked by the 2D model that the temperature drop can be considered
practically zero with cooper. The results of this simulation are presented in Figure 4.16
in which it is possible to observe that the temperature in the inner surface of the pipes is
the same than in the outer. On the other hand, simulating with the other models, the supply
temperatures obtained are significantly lower than in other cases and closer to the values
established by Gävle Energi as can be seen in Table 4.7. Thus it represents the last change
developed in the system given it has been demonstrated after different simulations and
changing several parameters that it is not feasible to work with the temperatures that the
company was interested in.
The final results are consistent especially in the case 0 in which the company was
interested in the possibility of using supply glycol temperature at 40°C.Taking into
account that the temperature on the surface is pretended to be 35°C, the difference
between glycol and surface is really low to get that temperature on the surface. In the
other cases, closer results to the requirements have been gained: in the case -5 the supply
temperature is 2°C above the desired by the company and in the case -10, 1°C below,
even improving the proposal by the company.
The study has been expanded for other temperatures to evaluate the glycol supply
temperature necessary for these cases and the results are presented in Table 4.8.
Furthermore, the drop pressure, flow velocity, power and volumetric flow for all the
temperatures in each stone have been specified in both Table 4.7 and 4.8 to help Gävle
Energi with the heat pump choice.
Apart from the geometric changes, there are other parameters that could have helped to
achieve the objetives but they have not been analysed due to the complexity of their
evaluation. For instance, the change of the location of the benches could have been
interesting since the radiation would change with it and consequently the losses and gains
of heat to which the surfaces of the seats are subjected. Moreover, the study of the
influence of the wind could have been also interesting due to the influence that this
parameter has in the calculation of the exterior convection and radiation coefficient. In
fact, they could represent future parameters to evaluate in further research about this
technology. However, there are other parameters that have not been studied but which are
not considered as influential in the system as the change in the type of stone geometry,
since in any geometry would occur the same as in the studied cylinder: the heat transfer
area should be maximized and materials that would allow a good heat transfer should be
used.
To sum up, the present study found that it is not possible to work on the working
temperatures established by Gävle Energi. Nonetheless, it has been designed a new
configuration in which the supply temperatures before different exterior conditions to
achieve the temperature desired have been minimised, becoming the system more
efficient. On the other hand, it has been provided the exact pressure drop, power, flow
velocity and volumetric flow that must be used in each stone for the different exterior
conditions, allowing with that to reach the same temperature in each stone surface.
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6. Conclusions
6.1. Study results
The purpose of the current study was to determinate whether it was feasible to work with
certain supply temperatures of glycol before different exterior conditions, achieving
always 35 °C (308.15K) on the surface changing parameters of the hot stones. In case it
was not possible, modifications in the requirements could be done in order to turn the
system into a more efficient technology changing for that what was considered necessary.
Several parameters have been changed during this study. Although it has been possible
to check that it is not possible to work on the points in which the company was interested
in, a more efficient model of this technology has been designed with respect to the current
one. The characteristics of this new model can be used as tool for Gävle Energi to improve
this type of technology in future projects.
There are many changes with respect to the current configuration. Regarding the pipes
inner the stones, the turns of them have been increased from 12 to 17 and their diameter
from 20mm to 30mm with the aim of increasing the heat transfer area, reaching the total
length of the inner pipes a value of 40.7m. In addition, even though previously the pipes
had an external thickness of 2mm composed of polyethylene, it has been replaced by
copper due to its much better properties as heat transfer conductor, maintaining that
thickness. Thus, the new pipes have a radius of 13mm through which circulates glycol
and 2mm of thickness whose material is copper. On the other hand, the distance between
the different centres of the pipes is 4cm, and the distance between the centre of the stone
to the centre of the first pipe is 2.5cm. Finally, with the aim of reducing the distance
between the glycol and the surface and consequently the drop temperature between them,
the pipes have been moved 2cm up.
With all these changes, it has been found that the supply temperatures for the cases 0, -5
and -10°C are 46, 47 and 49°C respectively, therefore minimizing the supply temperature
of the glycol necessary to achieve approximately 35°C on the surface. In addition, it has
been detailed the right supply temperature, power, volumetric flow, drop pressure and
flow velocity in each stone for other different exterior conditions. These values could
allow to the company to work always on the optimum point to accomplish the temperature
desired on the surface without wasting energy and on the other hand, they could help with
the heat pump design of the system.
Finally, it should be pointed out that the feasibility of the use of COMSOL in this research
has been tested comparing the experimental results with the ones obtained by the
software.

6.2. Outlook
Though a high similarity has been accomplished with the real systems by the COMSOL
simulations, the simplifications made may have entailed some errors. These
simplifications have been made because the simulations with more specifications had
been really time-consuming. Hence, it would be interesting for future projects to develop
a model with more precision. It is suggested a further investigation regarding the role of
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the material presented in the system due to they have not been changed in this research to
simplify the study cases. In addition, it could be interesting to model a transient system
with the aim of evaluating the consequences of the heat storage on the surfaces.

6.3. Perspectives
This new system represents a non-polluting technology given it does not need the extra
energy production. However, it can be even improved if the residual energy used for it
comes from a clean energy, enhancing with that their social image.
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8. Appendix
 Appendix A
Table A.1: Nusselt values for laminar fully developed flows.

 Appendix B:
Table B.1: Convection + Radiation coefficients [15].
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 Appendix C:
Figure C.1: System overview.

Figure C.2: Inner pipes drawing.
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 Appendix D:
Table D.1: Pipes model.

 Appendix E:
Table E.1: Ethylene glycol density.
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Table E.2: Ethylene glycol specific heat.

Table E.3: Ethylene glycol thermal conductivity.
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Table E.4: Ethylene glycol Viscosity.

 Appendix F:
Table F.1: Case 0 ∆T=2K Results.
Case 0 AT=2
Density
Cp (J/kg.K)
(kg/m3)

To (°C)

Tglycol (K)

P (W)

40
49
50

312.15
321.15
322.15

846.43
1044.30
1066.30

1100
1092
1091

2428.6
2491.3
2499.6

μ
Pa.s

k
(W/(mK))

ṁ
(kg/s)

v (m/s)

Re

Nusselt

0.01
0.01
0.01

0.25
0.26
0.26

0.17
0.21
0.21

0.30
0.36
0.37

775.81
1140.43
1160.56

3.66
3.66
3.66

T
h
surface
(W/(m2.K)
(°C)
35.76
29.34
36.46
34.31
36.60
34.77

Table F.2: Case 0 ∆T=0.5K Results.
Case 0 AT=0.5
To (°C)

Tglycol (K)

P (W)

40
49
50

312.90
321.90
322.90

862.9
1060.8
1082.8

Density
k
ṁ
Cp (J/kg.K) μ Pa.s
(kg/m3)
(W/(m.K)) (kg/s)
1100
1091
1090

2445.3
2499.6
2508.0

0.01
0.01
0.01

0.26
0.26
0.26

45

0.71
0.85
0.86

v (m/s)

Pr

Re

1.21
1.47
1.49

95.9
86.9
67.5

3456.3
4618.3
6040.7

h
T surface
Nusselt (W/(m2.K
(°C)
)
61.26
600.8
29.08
74.98
746.9
34.69
86.19
861.9
35.23

Table F.3: Case -5 ∆T=2K Results.
Case -5 AT=2
To (°C)

Tglycol (K)

P (W)

45
49
51
52

317.15
321.15
323.15
324.15

1077.3
1165.2
1209.6
1231.2

Density
Cp (J/kg.K)
(kg/m3)
1096
1092
1090
1089

2462
2491
2508
2508

μ
Pa.s

k
ṁ
(W/(m.K)) (kg/s)

0.01
0.009
0.007
0.007

0.257
0.259
0.260
0.261

v(m/s)

Re

Nusselt

0.38
0.40
0.42
0.42

1071.4
1272.5
1687.0
1717.2

3.66
3.66
3.66
3.66

0.22
0.23
0.24
0.25

h
T surface
(W/(m2.K)
(°C)
36.18
36.46
36.60
36.74

30.76
33.13
34.2
34.74

Table F.4: Case -5 ∆T=0.5K Results.
Case -5 AT=0.5
To (°C)

Tglycol (K)

P (W)

45
51
52

317.9
323.9
324.9

1093.8
1225.7
1247.7

Density
Cp (J/kg.K)
(kg/m3)
1095
1089
1088

2466
2508
2508

μ
Pa.s

k
ṁ
(W/(m.K)) (kg/s)

0.01
0.01
0.01

0.26
0.26
0.26

0.89
0.98
0.99

v(m/s)

Re

Pr

Nusselt

1.53
1.69
1.72

4826.5
6837.9
8120.8

86.36
67.26
57.66

77.54
95.06
104.15

h
T surface
(W/(m2.K)
(°C)
766.5
954.3
1045.5

31.22
34.66
35.19

Table F.5: Case -10 ∆T=2K Results.
Case -10 AT=2
To (°C)

Tglycol (K)

P (W)

50
52
54

322.15
324.15
326.15

1286.10
1330.10
1374.10

Density
Cp (J/Kg.K)
(kg/m3)
1090
1088
1086

2508
2508
2508

μ
Pa.s

ṁ (kg/s)

0.01
0.01
0.01

0.26
0.27
0.27

v
k
(m/s) (W/(m.K))
0.44
0.46
0.48

0.26
0.26
0.26

Re

Nusselt

1395.1
2164.3
2235.9

3.66
3.66
3.66

h
T surface
(W/(m2.K))
(°C)
36.60
36.74
36.88

32.42
33.56
34.71

Table F.6: Case -10 ∆T=0.5K Results.
Case -10 AT=0.5
To (°C)

Tglycol (K)

P (W)

50
53
54

322.9
325.9
326.9

1302.6
1368.6
1390.6

Density
Cp (J/Kg.K)
(kg/m3)
1090
1087
1086

2508
2508
2508

μ
Pa.s
0.01
0.01
0.01

ṁ (kg/s) v (m/s)
1.04
1.09
1.11

46

1.79
1.89
1.92

k
(W/(m.K))

Re

Pr

Nusselt

0.26
0.26
0.26

7266.95
8907.68
9050.87

67.52
57.44
57.44

99.92
112.02
113.46

h
T surface
(W/(m2.K))
(°C)
999.18
1128.81
1143.30

32.87
34.63
35.17

