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Summary:

The present research study includes simple dynamic thermal energy model of a flat
plate solar collector, connected to a radiant floor, in order to cover parametric studies
about effective variables, contributed to performance increasing approach, for better
heat supply of quality in residential building sector.

Key words:
Heat quality; Simple dynamic simulation; Flat solar collector; Radiant floor
Résumé :

Cette etude de recherche comprend un modele dynamique simple d'énergie thermique
d'un collecteur solaire a plaque plate, connecté a un sol radiant, afin de réaliser des
études paramétriques sur les variables efficaces, contribuant a une approche
d'augmentation des performances, pour un meilleur approvisionnement en chaleur de
qualité dans le secteur du batiment résidentiel.

Mots clés :

Qualité de la chaleur ; Simulation dynamique simple ; Capteur solaire plat ; Plancher
radiant
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Nomenclature :

A Area (m?)

C Specific heat capacity (J/kg-K)

D Diameter (m)

G Solar irradiance (W/m?)

K Gain factor

Q Energy consumption (MJ)

M Mass (kg)

T Temperature (°K or °C)

T Average temperature (°C)

T Predicted room air temperature
(°K or °C)

U Heat transfer coefficient
(W/m2-K)

Db Dead band temperature (°C)

dp Distance between pipes (m)

hcomb | Combined heat transfer
coefficient (W/m2-K)

hfc Forced convection heat
transfer

hr Radiation heat transfer
coefficient (W/m2-K)

hview | Heat transfer coefficient
outside surface (W/mz2-K)

k Thermal conductivity
(W/m-K)

m Fluid mass flow rate (kg/s)

tins Insulation thickness (m)

tf Floor thickness (m)

tgc Glass cover thickness (m)

tgp Air gap thickness (m)

tw Wall thickness (m)

a Percentage of solar irradiation
(%)

Subscripts

abs Absorber

amb Ambient

btm Bottom

buld Building

cons Consumption

des Design

ec Electrical equipment

exitf Fluid exit

ext External surfaces

Vil

fl Floor
fld Circulating fluid
fr Inside floor surface to room
gc Glass cover of the collector
gl Window glass
gr Ground
i Node number
ifs Inside floor surface
inf Air infiltration
incol Solar collector fluid inlet
inletf Fluid inlet to the floor pipe
intub Interior of the tube
inws Inside mass wall surface
inw Inside north wall surface
irf Inside roof surface
iww Inside west wall surface
j Construction component
lat Solar panel lateral side
oc Occupants
WS Outside wall surface
pl Plate
pr Plate to room
r Room
ra Room to outside air
rgl Room to glazing
rmes Measured room temperature
rmw Room to mass wall
rnw Room to north wall
rrf Room to roof
rww Room to west wall
set Set point
Si Inside surface
S0 Outside surface
sol Solar irradiation
Greek Symbols
a Diffusivity (m?s) |
At Time step size (s)
¢ Effectiveness
[0) Reflection coefficient
Y Adaptive parameter
9 Kinematic viscosity (m?#s)
p Fluid density (kg/m3)
T Mass floor time constant (s)
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General Introduction

General Introduction:

Among the most significant sources of renewable energy that have taken their
place as promising alternatives to the traditional sources of energy is solar energy
because it is free and permanently available not to mention that it is environmentally
friendly. The past few decades have seen the world develop an increased interest in
using technologies to tap into this energy and use it in a number of applications with
the solar heating systems being the simplest and most common of all being the flat-
plate solar collectors.

The objective of this thesis is to make a simplified dynamic simulation model
of a flat plate solar collector attached to an underfloor heating system to investigate how
physical and geometrical parameters influence the thermal performance of the system.
Thanks to this simulation, it is possible to estimate the behavior of the system in real
climatic conditions and under various operating conditions, which allows one to
contribute to the efficiency of design and the choice of materials.

This work is rested on the comparative analysis of two solar collectors made of
different absorber materials (copper and aluminum) and with different flow rates under
semi-arid climate with the help of mathematical models according to the energy balance
equations which are solved by the numerical method of finite difference.



Chapter I: Overview of
Solar Thermal Systems



Chapter I: Overview of Solar Thermal Systems

1. Introduction

1.1 Theoretical Bases:
The conversion of solar radiation into thermal, electrical, or chemical energy

has become sustainable for energy systems. Solar energy is one of the major renewable
energy sources alongside biomass, hydropower, and wind energy.

Thermal solar energy is the heat energy derived from solar radiation. It is captured to
heat a fluid (liquid or gas). The energy received by the fluid can then be used directly
(for domestic hot water, heating, etc.) through solar collectors of various designs.

Air flat-plate collectors transform the radiant energy from the sun into thermal energy
extracted by the flowing air within the collector. This energy is utilized in various solar
applications, such as drying grains or wood, heating industrial or residential spaces, and
solar refrigeration, Joly 2018.

Several types of air collectors have been built and tested worldwide, with the main
objective being to collect the maximum amount of solar energy at the lowest cost.

1.2 Flat-Plate Collectors:

These collectors have three main functions: to absorb solar radiation, to convert it into
heat, and to transfer this heat to the heat transfer fluid. To maximize the absorption of solar
radiation, a flat surface placed strategically is sufficient; this surface must have the highest
possible absorption coefficient for the top layer.

1.2.1 Operating Principle of a Flat-Plate Solar Thermal Collector:

Solar water heating has received increased interest in recent years, primarily
because it is a free energy source, and it is available, in principle, anywhere all over the
world. The key element in a solar heating plant is the solar collector field, as it is at the
collectors that the solar energy is captured and transferred to the circulating fluid.
Currently, the collector type most widely used in such plants is the flat-plate solar
collector, described by (Duffie and Beckman 2013).

The Figure 1aand 1b below represents a device that converts solar radiation into heat to transfer
to a fluid. There are several types (unglazed collectors, glazed collectors, vacuum collectors),
with the most common being the glazed flat-plate solar collector, which can achieve a heat
transfer fluid outlet temperature of up to 100°C.

1.2.2 The principle of flat plate collector

A flat plate collector is a device acting as a heat exchanger. It converts solar
power into thermal energy. It can gather solar energy and use it for heating systems, to
heat water in the house for bathing, washing, etc. Also, it can be used to heat hot tubs
and swimming pools.

Heating Solar collectors are usually described by stationary models that consider the
collector to be in steady-state operation. Models have the advantage of being simpler
and hence needing less computation time than dynamic models. However, this
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simplification may be critical because solar collectors rarely reach a steady state during
operation due to their large time constants and the variability of the driving forces. For
several applications, e.g., the investigation of control strategies, it is desirable to take
the collector dynamics into account (Guarracino, et al 2015).

Solar radiation

Black absorber Transparent screens
plate l

E-I'_I_I_I_Pa— 1

Thermal insulation

Figure l.1a: Schematic of a plate solar collector with transparent screens

_--"Absorber
Plate___-~

Figure 1.1b: Components of solar flat plate collector

1.2.3 Glazed Flat Collector:

This is the most common model. It consists of an insulated casing covered by glazing.
Inside is the absorber, a coil containing the fluid to be heated. To enhance heat absorption, the
coil is surrounded by black fins, as the black color improves heat absorption.
In this type of model, the absorber is protected against thermal losses by an insulating material
(usually rock wool). The glass is made of very strong tempered glass (resistant to weather and
hail), highly transparent (low iron content), and specially designed to have a low reflection level
to maximize heat capture (see Figure 1.a).
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1.3 Different Components of the Solar Collector:

The flat solar collector essentially consists of the following elements:
An opaque plate that absorbs solar radiation and transmits it to the heat transfer fluid.
Thermal insulation at the back and sides.
A transparent cover usually made of single or double glass, which creates a greenhouse
effect and prevents cooling of the absorber by protecting it from the wind.

1.3.1 The Absorber:

The absorber is a component of a thermal collector, such as a solar panel, that
functions to absorb incident solar radiation and convert it into heat via a heat transfer
fluid, aiming to achieve energy savings. The absorber is typically a black body that
absorbs sunlight, mechanically connected or part of the same structure as a network that
irrigates water. It can take the form of a metal plate, a glazed or unglazed coil, a vacuum
tube, a plastic tarp, or a simple plastic/metal reservoir (Figure 2).

Two functions are assigned to the absorber:
e Absorb as much solar radiation as possible.
e Transfer the generated heat to the heat transfer fluid with minimal losses.

Figure 1.2: Laser welding absorber.

1.3.2 The Transparent Cover:

The cover serves to protect the absorber, but it also plays an important role in the
thermal balance by reducing heat losses. Typically, glass is used as a transparent cover.

1.3.3 The Thermal Insulator:

The thermal insulator limits heat loss, and its characteristic is the thermal
conductivity coefficient; the lower it is, the better the insulator. The main materials used
for thermal collectors are rock wool, glass wool, polyurethane foams, or melamine
resin. More natural insulators are sometimes found.
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In the case of glazed thermal collectors, it is also interesting to replace the insulation
between the glass and the absorber with air. Indeed, air has a high insulating power and
is thus used in double glazing. In pursuit of better performance, some manufacturers
use other gases like argon or xenon, and when possible, even prefer a vacuum.

1.3.4 The Heat Transfer Fluid:

The heat transfer fluid is responsible for evacuating the heat stored by the absorber
and transmitting it to where it needs to be consumed. A good heat transfer fluid must
meet the following conditions:

e Be chemically stable at high temperatures, particularly during the stagnation of

the collector.

e Have antifreeze properties correlated with local weather conditions.

e Have anticorrosive properties depending on the materials present in the

collector circuit.

e Possess high specific heat and thermal conductivity to transport heat efficiently.

e Be non-toxic and have a low environmental impact.

e Have low viscosity to facilitate the circulation pump's task.

e Be easily available and inexpensive.

The best compromise regarding these criteria is a mixture of water and glycol (used in
automobile cooling liquids), although it is not uncommon to find systems operating
with pure water or simply air, depending on the application.

The fluid mass flow rate used for floor heating systems typically ranges from 0.5 to 1.5
liters per minute per square meter of heated surface area. This can vary based on system
design, desired temperature, and specific heating requirements.

For precise calculations, factors such as is considered:

e Floor area: Total square meters to be heated

e Desired temperature rise: Difference between the supply and return fluid

temperatures.

o Heat output requirements: Based on insulation and heat loss of the space

1.3.5 Tilt of a Solar Collector

The tilt of the collector should have an optimal angle based on the geographic
coordinates of the location. The energy produced under real conditions will generally
be significantly lower than that produced under standard conditions. It primarily
depends on three factors:

¢ Daily Global Radiation: The amount of sunshine received.

e Ambient Temperature: The external temperature.

e Position of Solar Panels: Orientation and tilt.

A decrease in optimal tilt results in:

e A 10° deviation leads to about a 2% reduction in production.

e A 20° deviation results in a decrease of about 6%.

e A 30° deviation leads to a decrease of approximately 14%.

7
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A 40° deviation results in a nearly 25% decrease.

1.4 Types Solar Water Collector

There are two types of systems: low-pressure circulation systems and high-pressure
circulation systems.

Low-Pressure System: This system is used for heating pools, industrial water
heating and domestic heating.

High-Pressure System: In this system, the water circuit typically consists of
copper tubes and a metal plate that increases the absorption surface. The fins
are usually made of steel, aluminum, or copper, with thicknesses of about 0.25
mm for copper, 0.5 mm for aluminum, and 2 mm for steel, due to differences in
thermal conductivity. The spacing between the tubes depends on the thickness
of the fins.

1.4.1 Advantages and Disadvantages of Glazed Flat Collectors:

Advantages:

High Efficiency: Glazed flat collectors have a good heat absorption capacity,
making them efficient for heating applications.

Durability: The use of tempered glass and robust materials ensures long-lasting
performance.

Versatility: Suitable for various applications, including residential and
commercial heating systems.

Low Maintenance: Generally, requires minimal maintenance over time.

Disadvantages:

Cost: Initial installation costs can be relatively high compared to other collector
types.

Thermal Losses: Despite insulation, some heat loss can occur, especially
during colder months.

Space Requirements: Requires adequate space for installation, which might
not be feasible in all locations.

Sensitivity to Weather: Performance can be affected by extreme weather
conditions, such as heavy snow or prolonged cloud cover.
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1.4.2 Efficiency of a Solar Collector

The efficiency of a solar collector, designed to convert solar energy into thermal
or photovoltaic energy, depends on its shape, the chosen technology, and how heat
losses at its surface are minimized. There are two types of efficiency: optical efficiency
and instantaneous efficiency.

The efficiency of a single-glazed flat plate solar collector can be calculated
using the following formula:

= 2t x 100
Where:
n = Efficiency of the solar collector (%)
Quseful = Useful heat output from the collector (W)
Qin = Incident solar radiation on the collector surface (W)
Qusefut =A. (I — L)
Where:
A = Area of the collector (m?)
I = Incident solar radiation (W/m?)
L = Heat losses from the collector (W/m?)
Heat losses can be estimated using:
L =U. (Teonector “Tambient )

Where:

e U= Overall heat loss coefficient (W/m?-K)
e Tcollector= Temperature of the collector (°C)
e TambientT = Ambient temperature (°C)

1.5 Bibliographic Studies

Modern solar energy techniques have led to the development of various solar
water heating devices, which are being extensively researched for efficient residential
energy use, (Schnieders, 1997) states that the flat-plate solar collector is the most
commonly used in solar heating installations to meet the quantity and quality of thermal
energy demand. When simulating these types of collectors using steady-state models,
it can be crucial to note that solar collectors rarely reach a stable state during operation
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due to their large time constants and the variability of driving forces. It is desirable for
heating control strategies to take the dynamics of the collectors into account.

(Zimaand Dziewa, 2011) proposed a one-dimensional mathematical model to simulate
the transient processes occurring in liquid flat-plate solar collectors. The model was
experimentally implemented and validated; the method takes into account the
distributed parameters of the solar collector, particularly for: the glass cover, the air
confined between the glazing and the absorber, the heating fluid used, and the
insulation. The calculation results showed a satisfactory convergence of the measured
and calculated fluid temperatures at the outlet of the collector. Other contributors,
(Martinez. et al. 2005),( (J. Cadafalch 2009) , Zhai. et al. 2009) have established their
studies with the same methods of simplifications.

During the process of time, (A.M. Shariah et al. 1999) have examined the effect of
thermal conductivity of the absorber plate in a thermosyphon and, find that Switching
from steel to aluminum increases solar fraction by 4%—7% and characteristic factors by
12%-19%. Using copper instead of aluminum yields only a 1% increase in solar
fraction and 3% in characteristic factors. Last decay, (R. Venkatesh and, W. Christraj,
2014) have investigated the thermal performance of multipurpose solar collectors,
which enhance conventional solar water heaters by integrating riser tubes and headers.
Experiments conducted on these systems, the results show that during summer
performance, the multipurpose solar collector achieved a maximum daily average of
72.05% relative humidity, a mass flow rate of 0.0316 kg/sm2, and wind speed of 0.873
m/s. During winter performance, The corresponding systems were significantly lower
at 19.5% relative humidity, 0.0295 kg/sm? mass flow rate, and 0.722 m/s wind speed,
with a minimum daily average of 11.23% relative humidity and 0.384 m/s wind speed.
The results on solar water heater demonstrated higher heat removal (FR) and collector
efficiency (Fo) factors compared to conventional systems in both seasons, particularly
in summer. Also, the results indicate that the mass flow rate is influenced by solar
radiation and relative humidity, showing that drier air leads to higher heat gain and
water flow rates. (Mouna Hamed et al., 2014) presents a numerical investigation of flat plate
solar collectors aimed at optimizing their performance and design for hot water supply. The
system consists of three main components: a transparent cover, an absorber, and a transfer fluid.
A transient simulation method was developed to analyze the dynamic behavior, establishing a
model based on energy balance analysis. The model's equations were solved simultaneously to
evaluate the impact of various parameters, including outlet water temperature and overall heat
loss coefficient. More ever, a study was conducted by (G. A. Duvunal et al. 2019) to design a
solar water heating system using MATLAB programming language. The study varied several
design parameters to determine their effect on the system's solar fraction (f). The results showed
that: Increasing the collector area and number of glazing increases the solar fraction (up to 97%
with double glazing). Increasing the length of the collector tube increases the solar fraction.
Decreasing the diameter of the tank increases the solar fraction (up to 75%). An air gap of 4.5-
5 cm is suitable for optimal system performance. Decreasing the tube spacing increases the
solar fraction. Increasing the plate thickness has a slight positive effect on the solar fraction
(but is not cost-effective). The study provides insights into the effects of various design
parameters on the performance of a solar water heating system.

10
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1.6 Materials and Methods

Establishing a model from heat balance of single capacitance on each
component of the solar panel, using improved and validated method of modelling by
(Zima and Dziewa. 2011).

The model simulates a solar collector's transient process using constant physical
properties, heat exchange surfaces, and geometrical dimensions. It considers four nodes
representing single capacitance layers, including cover glass, air, absorber, and working
fluid, Figure 2a and 2b.

The water solar panel model's differential equations are solved using the implicit
finite-difference method, with time-dependent ambient conditions, solar radiation, and
initial temperatures of 12°C.

The modeling implies a simplification of the real physical processes that occurs in the
solar flate plate. These simplifications are made through the use of assumptions that allow the
problem of heat transfer mechanisms to be solved more easily for example free convection heat
exchange. Since the dynamic conditions of the model are being considered, the equations
describing the heat transfer mechanism of the system are solved at every time step using the
finite difference method. Their actions are simulated for a heating period of six months,
under semi-arid weather conditions.

The parametric studies here in are atributed to heating homes by choosing single
solar panel with differente absorber materials rnamely, alluminium and coper and with
different water flow rate, to compare their thermal performances under winter arid
climate .

The objective of the work aim to supply heat quality for different energy usage
in residential building sector.

\ QSOl > Tamb
% Tgc

single glazing cover

. Tair air gap
. absorber
insulation
Tamb
>

Figure 1.2a: Single glazed flat plate solar panel temperature distribution.
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a) Cover glass b) Air gap
Qsol(G)  hcomb(cg,amb) hrad(cg,sky) hcov(airc,cg)
A |
tg{ ‘ e ‘ tgpﬂ (] ‘
] ] |
hcov(cg,airc) hrad(cg,abs) hcov(airc,cg)
c) Absorbor d) Fluid flow
hcov(abs,amb)
Qsol(a.G) hcov(abs,airc) hrad(abs,cg) |
N I
tabsI ‘ e ‘ MCP.Tna/ X e MCP.Tha/ X+AX
hcov(abs,fld)
Xy

Figure 1.2b: Single glazed flat plate solar panel heat mechanism.

Conclusion:

This chapter covers the theoretical principles related to flat plate solar collectors,
in terms of their operating principle and basic components such as the absorber, glass
cover, thermal insulation, and heat transfer fluid. It also discusses the types of
collectors, their advantages and disadvantages, and the factors affecting their efficiency,
particularly the angle of inclination and heat losses. In conclusion, the chapter presents
a set of reference studies that addressed the modeling of the performance of these
collectors using numerical methods, which form the scientific basis for building the

model used in this study.

12




Chapter 11: Simulation
model of the solar flat
plate

13



Chapter II: Simulation model of the solar flat plate

2. Numerical modeling of the active solar heting systems
2.1 The single glazing flat plate solar colector
2.1.1 Temperature calculations,

considering one node for each of the fore following components:
- Cover glass node:

(Accumulted heat ) ( Heat loss )
. = . +
in coverglass to the sky by radiation
( Heat loss )
by convection to atmosphere

+ Heat transfer )

from absorber plate by radiation

+ from cover glass to air in the gab
Heat loss by lateral )

+ faces of the cover glass

+

(
( Heat transfer )
(
(

Incident solar)
radiation

Computed as:
MegCpge(dTeg/dt) = Acghrcg,siy) (Toky — Teg) + he(cg,amp) (Tamp — Teg)
+ hr(cgavs) Tavs = Teg) + he(egair) (Tair — Teg)
+Ujpss- 7°. AQtat.cq) (Tamb - Tcg)

Teg(1—agps)
g—b)agl_ G 1)

+A.,(1+
cg( 1-@cg(1-agps)

- Air gap node between glass cover and absorber:

_ Heat transfer by convection

(Accumlted heat ) ( )
~ \from cover glass to air in the gab

in air gap

( Heat transfer by convection ) (Heat loss by lateral)
from absorber plate to air in the gab faces of the air gap

14



Chapter II: Simulation model of the solar flat plate

Computed as:

d’Zc;iT) = hC(Cg,aiT)ACg (Tcg - Tair)

Maircpair (
+hc(abs,air)Aabs (Tabs - Tair)

+Uloss- /\0- A(lat,amb) (Tamb - Tair) (2)

Absorber Node :

( Accumlted heat ) _ ( Heat loss ) N

Heat loss )
in absorber plate by radiation

by convection

+ .
by conduction

+

( Heat gain )
( Heat transfer )
to working fluid

N ( Heat loss by lateral and )
bootom sides ofthe collector

+ (Incident solar)
radiation

Computed as:
Mcpaps(dTaps/dt) = hr(cgapsyAcg(Teg — Tabs)
+ he(aps,airyAabs (Tair — Tabs)
+ hC(abs,fia)Aabs,fid (Tfld - Tabs) (3)

+ (U(loss,btm) + U(loss,lat)) /|0- (Tair - Tabs)

+ Aabs ( Tcg-Xabs )G

1-@cg(1-agps)

- Working fluid node:

(Energy balance in a control volume of the working fluid ) =

( Heat loss ) + ( Heat transfer )
by forced convection to working fluid

Computed as:
(Din(tub)/4)P g 4CPf1d ((anld/dt) + 19anwz/dx)) = hfcaps,f1a)(Tavs — Tria)

+1mcpria(Tria — Triacrioor intet ))

(4)
15



Chapter II: Simulation model of the solar flat plate

Heat loss through the pipe connection between the solar panel and the mass floor is
considered negligible. Therefore, the fluid inlet temperature to the solar collector can
be equated to the fluid exit temperature from the floor:

Tfld(floor inlet) = Tfld(colector exit)

The differential equations for the water solar panel model are solved using the implicit
finite-difference method, accounting for time-dependent ambient conditions, solar
radiation, and initial temperatures of 12 °C.

2.1.2 Model of the heated envelope

Building heating energy consumption is influenced by its envelope, heating
plant efficiency, and control system quality, which connect the building to its heating
system and inhabitants. The model in Figure 1 represents a single-zone building with
solar under-floor heating systems. The building's west and north walls are mass less,
while the east wall forms a mass wall. Hot water circulates through pipes in the mass
floor, which is insulated on the bottom. Energy is transferred through air infiltration,
solar gains, and heat losses. The model describes the long- and short-term dynamic
characteristics of the system. Thermo-physical values of the building components are
given by Karlekar and Desmond. The modelling approach involves creating a model
for each system component based on its physical characteristics, calculating heat
transfer using one-dimensional heat flow, and fitting parameter values for various
configurations. The finite difference method is commonly used for simulating building
models due to its flexibility and the availability of information.

Qsol @

hcomb x TAMB

hview ﬁ
hoomb < Qroof :f;‘j’
hview < hcov <— — hcomb

hrad <) [T > hview
@l
.TR < Qsol
TAMB Jf Qec  Qoc Twi Twn Q

S A _?_glé‘zli_ng // Tiws>X- - - - - - Tows <TAMB

— Qwall

Minf

</l/ ﬁ Qfloor w
hrad 3 Thcov ] Tifs ; hrad; T hcov
—] i ) )) —
TINLET — 5 Q t‘l D) [O15i e C D) )] C CTEXIT
@ Qground
X Tgr

Figure I1.1: Hlustration of general model illustration of the under-floor heating systems
(Typical of residence or office building)
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Chapter II: Simulation model of the solar flat plate

2.1.3 Model development and Assumptions

The model is developed based on the following assumptions:

1. It considers long and short-wave radiation heat exchange.

2. It maintains thermal capacity for each air mass, floor, and wall.

3. It accounts for conduction through walls, floors, roofs, and glazing separately.

4. It accounts for air infiltration and ground heat losses.

5. The heat from inhabitants and electrical equipment has minimal impact on heat
demand flexibility in small heating spaces and is neglected for the sake of
simplicity.

6. It assumes negligible thermal resistances of surface pipes in the slab.

7. The effects of solar irradiation through the glazing are lumped onto the inside
surfaces, including the air in the room, whereby each surface or air in the room
Is assumed to receive a fixed percentage of the solar gain.

2.1.3.1 Temperature calculations
- Node Temperatures

The fluid circulating through the embedded floor pipe is treated as a point
source, represented by a single capacitive element with a temperature of Tgq4 ,the mass
of the floor and the mass of the wall are divided into layers of thickness Axq and Ay,
respectively. An energy balance for the time interval can be expressed as follows: the
heat flux from all neighbouring nodes towards node i during At is equal to the increase
in internal energy of the material associated with node i., i.e:

n+l_n

T;
Mcp; (lA—tl) = UAG-1,p(T2, =T + UAgiey(Tih, = T) (5)

Rearranging the above equation to:

(Ti"“—Tin) _ UAG1,pTE +UAG) TR, (UA(i—1,5)+UA(i 1)) T (6)
At - Mcp; Mcp;

And letting:  A; = (UAq_10 + UAgisn)) T/ Mcp; (7
(Ui = Tin+1/At (8)
Si _ UA(i_Li)TiriI\;‘:;JiA(i,i+1)TiT-l+1 (9)
Equation (1) becomes: (T/*** — T/*/At) = w; = S; — L, T (10)
this equation can be writtenas:  T/**! = (1 — L,At)T! + S;At (11)

In the case of the simulation model, the maximum permissible time step size is found
to be equal 2.5 seconds, which is, too time consuming for a long-term simulation.
However, an increase in permissible time step size can be achieved without loss of
accuracy, by introducing a weighting factoro; , i.e choosing an implicit solution.

17



Chapter II: Simulation model of the solar flat plate

Equation (1) becomes: T"*' = T* + o;w;At (12)

Si—)liTl-n

Solving forw;, we get  w; = 1+4;0;At

(13)
the weighting factor o; is found from matching the analytical and the implicit numerical
equations

(1—e M8 -y T §;—TR

of w;, namely: e = Trhont (14)

1

: _ _ 1
Solving for o; we get:  o; = m - m

(15)
From this equation, o; always takes values in the range [0,1] whatever the value of the
product (1;At). Once w; is computed, the predicted temperature of nod i for a time
step size At is given

as: T/ =TI + w;At (16)

l

The same procedure outlined above is used to calculate each nodal temperature for the
working fluid, mass floor, mass wall, and air in the room. The model simulation of the
system is implemented in computer code using a modular programming approach. The
initial value for each temperature is 12 °C, which is an estimated mean average
temperature for the starting day of the simulation.

- Surface temperatures

A steady-state energy balance on each of the inside and outside of the building is
used to calculate their temperatures. The surface temperature equation can be expressed
in terms of conductive, convective, and radiation heat exchange, including the solar
heat gains on the outside surfaces of the heated envelope. The inside surfaces or the
room air are assumed to receive a fixed percentage of the gain. The glazing is assumed
to have only one surface temperature since its thickness is chosen to be small.

A steady state energy balance on each of the inside and the outside building is used to
calcuate their temperatures. The surface temperature equation can be expressed in terms
of conductive, convective and radiative heat exchange, including the solar heat gain on
outside envelope surfaces. The inside surfaces or the room air are assumed to receive a
fixed percentage of the gain. The glazing is assumed to have only one surface
temperature since its thickness is chosen small (5 mm).

_ Y(UA;Tj)+as01G

Tsi = ~ sua, (17)

T,, = 2(U4;T))+6 (18)

S UA;
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Chapter II: Simulation model of the solar flat plate

- Room air temperature

The room air temperature is defined as the process output that must be controlled.
This temperature results from the heat input through the floor, solar irradiation, and heat
losses through the mass wall, glazing, roof, remaining walls, and air infiltration.
Therefore, the variation of room air temperature can be seen as dependent on the
following physical quantities, defined as process inputs: the inlet fluid temperature, the
fluid mass rate entering the heating element, outside air temperature, solar irradiation,
and wind velocity. The existence of non-measurable disturbances is not taken into
account.

Sr = (UA(fl,r)Tifs + UA(r,mw)Timws + UA(r,rf)Tirf + UA(r,gl)Tgl + UA(r,nw)Tirnw
+ UA(r,WW)TiWW + minfcpairTamb + asolG + ro /\0+ Qec /\0)/Mcpair

2.7- = (UA(fl‘r) + UA(r,W) + UA(r,Tf) + UA(r,gl) + UA(T,nW) + UA(T,WW) +

minf Cpair) (19)
1 1
Or = (1_e—lr.At) - ArAt (20)
Sp—A, TR
Wr = T (21)
M =TM + o,w,. At (22)

- Temperature output of fluid from embedded pipes:

The heat input to the floor from the solar plate can be expressed as:

Qcons = (mcpfld (Tfld(inlet) - Tfld(outlet)) (23)

Where (is the effectiveness of heat element given by { = 1 — e NTU (24)

NTU = VAguary (25)
mMep fia

Qcons can also be expressed as: Qcons = mcpfld (Tfld(inlet) - Tfld(outlet)) (26)

By matching the two expressions of Q.,,.s, We get the temperature of the fluid as a
function of the inlet temperature and the temperature of the first-floor node:

Tout(riay = STricry + (1 = DT facinier) 27
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Chapter II: Simulation model of the solar flat plate

2.1.3.2 Heat transfer coefficient calculations

The linearization assumption is used for long-wave radiation heat transfer between
internal surfaces and surrounding surfaces. Correlations for free convection heat
transfer in real-sized three-dimensional enclosures are provided by (Khalifa and
Marshall 1990). Ground heat losses are calculated using a commonly employed
method, (Boileau and Latta 1968).

+« Free convection exchange between the glass and the outside environment:
heomb(gexty = 3-8Vying + 5.62 (Green 1984) (28)

¢+ Free convection exchange between the glass and the confined air:
he(glairgap) = NU. 2. A54rc/b

« Free convection exchange between the confined air and the absorber:
hegairgap,absor) = NU. 2. Aqjrgap/b
heglaire) € hegairggpabsor) are calculated using the same values of Nu and Gr.

Following correlation proposed for the calculation of the Nusselt number, (Duffie and
Backman 1981).

Nu = [0.006 — 0.017 (£)].r1/3 . (29)
ATabsr—T

Gr = g(asz—extgl)bz (30)

where:

f: angle of inclination of the sensor relative to the horizontal.
Aair: thermal conductivity of air.

9: kinematic viscosity.

b: distance between the glass and the absorber.

0: gravitational acceleration.
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¢+ Convection exchange between the tube (or the insulation) and the heat transfer
fluid:

The applied correlations are:

- Laminar flow: (Re < 2100)

Gz < 100 :

0.14

_ 0.085.Gz  [ny
Nu =3.66 + ———— Lp] (31)
Pour Gz > 100 :
0.14
Nu = 1.86.Gz!?3 [;‘—f] +0.87(1 4 0.015Gz'/3 (32)
p

- transient flow. Ou: (2100 < Re < 10000)

1 D 2 0.14
Nu = 0.116(Re?3 — 125)Pr3 (1 + (—)3> . [ﬁ] (33)

L Hp

- turbulent flow: Re > 10000

0.14
Nu = 0.023.Re®8 prl3 [% (34)

p

with:
Re = v.D/v (dimensionless Reynolds number) (35)
Gz = Re.Pr.D/L  (dimensionless Grashof number) (36)
where:

p: Density.

vaq: Average fluid velocity.
D: Tube diameter.

w: Dynamic viscosity.

v: Kinematic viscosity.

L: Tube length.

u, - Dynamic viscosity of water at the considered temperature.

My Dynamic viscosity of water at the wall at the considered temperature.
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Chapter II: Simulation model of the solar flat plate

SO:
hcov(absr,ﬂd) = Nu-xcopper/etub (37)
hcov(absr,iso) = Nu. Aiso/€is0 (38)

ewub €l €jso being respectively the thicknesses of the tube and the lower insulation of
the collector.

+ Radiative exchange between the glass and the sky:

hrad(gl,ciel) = 8verG(Tgl2 + Tskyz)(Tver + Tsky) (39)
where: ¢ Stefan-Boltzman constant = 5.678 x 10~ 8W.m~2. K™*
&g Is the emissivity of the ordinary glass cover

The heat transfer coefficient through the exterior surfaces viewed by the sky:
Or the temperature of the sky is expressed by a simple relationship that links the temperature
of the sky to the local outdoor air temperature given by (Swinbank.1963)

Toky = 0.0552. Tey ™/ ( Tskyt Texe ) €0 (°K) (40)
+ Radiative exchange between the glass and the absorber:

G(Tgl 2 +Tabsr2)(Tsky+Tabsr)
hrad(gl,absr) = T T (41)

—+
€gl €absr

€apsr 1S the emissivity of the absorber.
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Chapter II: Simulation model of the solar flat plate

2.2 Numerical application:

Wheater data is given in Graph 1 and 2 for semi arid weather condition of seven
continuos cold day stating from the January the 1%. this type of climate is carateriased
by high temperature flectuations.
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Table 1.1: Geometrical dimensions of the building components

Elements Dimensions Units
Enveloppe volume (X *Y * Z) \ 6*4*35 md
Floor mass surface Aq 0.24 m?
Floor mass thickness tq 0.30 m
Pipe diameter deg 0.022 m
Pipe thickness ted 0.002 m
Distance between pipes lc 0.02 m
Floor insulation thickness 0.05 m

East wall (Y * Z) (mass wall) Agw 4*3.5 m?

East wall thickness trsw 0.20 m
Nord wall (X * Z) Anw 6*3.5 m?
West wall (Y * Z) Ay 4*35 m?

North and West walls thickness t,, 0.10 m
South oriented glazing (X * Z) Ag 3*25 m?
Glass thickness ty 0.005 m
Roof (X * Y) i 6 *4 m2
Roof thickness . it 0.15 m

rf

Table 1.2: Thermo-Physique values of the building components

Elements Thermo-Physique values
Mair 0,0251 W/m °K
_ P 1,164 kg/m?
Room air cpe 101218 Jkg °K
9. 18,24E-6 m?/s
air
" 1.4 W/m °K
Floor slab n 50 g
880 Jkg °K
CPn
(heavy concrete) - 0.95 /
Mg 0,624 W/m °K
Heating fluid igd iii:: L(/gk/g;n jK
o fd ‘
(water glycol at 20 °C) Vg 07 E-6 m?/s
Pr 4.68 /
CPins 2371 Jkg °K
Insulation 3
(Board fiber) Ping 20 Ko/
v 0,04 W/m °K
1ns
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Aw 0.52 Wim °K
Py 1810 kg/m?
Wall cp 840.0 kg °K
( Brick dry) w 02 /
Ew(int) :
e 0.01 /
w(ext)
- 0,8 Wim °K
P 1810.0 kg/m?
Roof _ _ Pyt 840.0 J/kg °K
(Roofing brick) r 02 /
Erf(int) '
e 0.01 /
rf(ext)
Pipe Aed 0,35 Wim °K
(PER)
Agl 0,76 W/m °K
Glazing £l 0.9 /
(Ordinary glass) g 0.05 /
agl '
Table 2.1: Dimensions of the solar collector
Element Dimensions
Acg 1.60 m?
Simple cover glass nbg 1 /
o 0.005 m
cg
Glass-Absorber distance dis(cgabsry 0.02 m
Aabs 1.60 m?
Absorber dint(abs) 0.018 m
dext(abs) 0.02 m
nbtub 10 /
- Tubes diSeyp 0.018 m
ewld 0.005 m
- Welding lwid 0.02 m
At 0.60 m?
Insulation Apem 0.60 m?
Apac 1.60 m?
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Table 2.2: Operative thermo-physique parameters of the solar collector

Element Thermo-Physique values
CPgc 840 J/kg °K
Pyc 2700 kg/m3
_ A 0.93 Wim °K
Ordinary glass & 0.92 /
Tge 081 /
Oge 0.94 /
€gc 0.28 /
Kgc
CPair 1300 JKg °K
Confined air Pair 1.2 Kg/m?
Aair 0.025 W /m °K
CPcu 398.0 JIKg °K
Absorber with Peu 8900 Kg/m?
- Black selective layer - 386.0 W /m °K
- Cooper tube Gy 0.88 /
- Weld Eabes 0.15 /
Awld 5.0 W /m °K
CPal 230.0 J/IKg °K
Absorber with Pal 2700 Kg/m?
- Black selective layer ha 230.0 W /m °K
- Alimunium tube a1 0.07 /
- Weld Eabs 0.15 /
ewld 5.0 W /m °K
CPay 4178.8 J/IKg °K
Fluid Pad 1.0 Kg/m?
(Water glycol) M 1.00,624 W /m °k m?
904 07E—-6 m?/s
Pr 4.68 /
Insulation CPjs 1500 J/IKg °K
(Expanded Polystyrene) P 20.0 Kg/m?
A 0.04 W /m. °K
Conclusion:

This chapter presents the numerical model used to simulate the dynamic
performance of a flat plate solar collector connected to an underfloor heating system.
The model was built based on the energy balance equations for the system components
(glass, air, absorber, and fluid), using the finite difference method to solve the
differential equations. The modeling also included the effect of the building envelope
and heat losses through walls and roofs, in addition to studying the effect of fluid
properties and flow rate. This numerical representation allows for the evaluation of the
thermal performance of the system under real climatic conditions and the analysis of
influencing variables before moving on to the applied study in the next chapter.
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Chapter I11: Results and Discussions

3. Results and Discussions:

Focusing on the performance of solar panels under specific climatic conditions,
particularly on two different absorber materials (copper and aluminum) and their
thermal efficiency in heating water, with two different amount of the fluid mass rate,
0.36 kg/s 0.72 kg/s. for 7 consecutive cold days

First setup (0.36 kg/s fluid mass rate):

Under semi-arid climatic conditions for the coldest consecutive 7 days in January, the
flat solar panel with ordinary single glazing, featuring a copper absorber with a selective
coating of 200 um, and fluid mass rate of 0.36 kg/s, has a significant influence on the
exposure of the temperature regulation element by increasing the efficiency of the
collector by 0.93. This setup produces quality hot water without causing overheating,
with a maximum average temperature reaching 70°C. Consequently, the result is
appropriate adaptation for the thermal regulation of the system, with a solar panel area
of 1.60 m2 and a 6% capture ratio

The selection with an aluminum absorber with a selective coating of 200 pm, with the
same fluid mass rate, reaches maximum average temperatures of 50°C and 40°C,
respectively, leading to more significant temperature drops to an average of 21°C,
compared to the first combination, giving efficient of 84, as shown in

Graph 3 and 4.

Emphasised result:
With Copper Absorber:
Fluid mass rate of 0.36 kg/s

¢ Significant influence on temperature regulation.
¢ Increases collector efficiency by 0.93.

e Produces quality hot water without overheating.
e Maximum average temperature: 70°C.

e Appropriate adaptation for thermal regulation.
e Panel area: 1.60 m2.

e Capture ratio: 6%.

Aluminum Absorber:

e Maximum average temperatures: 50°C and 40°C.
e More significant temperature drops (average of 21°C) compared to copper.

Efficiency of 84.
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Fluid mass rate of 0.72 kg/s fluid mass rate

e (Higher fluid mass rate results in efficiency reduction: 0.90 for copper and
0.80 for aluminum.

Second setup:

Simulating the heat exchange for same precedent combination with a double fluid mass
rate of 0.72 kg/s, the results are shown in Graph 5 and 6 , indicates that delivering heat
with higher fluid mass rate result in efficiency reduction of 0.90 and 0.80 for both
copper or aluminum absorbers respectively.

Concluding that: The copper-based system achieves a maximum average temperature
of 70°C, indicating high efficiency in converting solar energy to heat.

In contrast, the aluminum absorber configuration achieves lower maximum average
temperatures (50°C and 40°C), suggesting reduced efficiency.

The copper system is noted for its ability to produce quality hot water without
overheating, which is crucial for practical applications.

The mention of significant temperature drops in the aluminum system (to an average of
21°C) highlights its inferior performance compared to the copper system.

Evaluation of the result:
With Copper Absorber:
Fluid mass rate of 0.36 kg/s

¢ Significant influence on temperature regulation.
e Increases collector efficiency by 0.93.

e Produces quality hot water without overheating.
e Maximum average temperature: 70°C.

e Appropriate adaptation for thermal regulation.
e Panel area: 1.60 m2,

e Capture ratio: 6%.

Aluminum Absorber:

e Maximum average temperatures: 50°C and 40°C.
e More significant temperature drops (average of 21°C) compared to copper.
e Efficiency of 84.

Fluid mass rate of 0.72 kg/s fluid mass rate

e (Higher fluid mass rate results in efficiency reduction: 0.90 for copper and
0.80 for aluminum.
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GENERAL CONCLUSION

General conclusion:

The model developed in this thermo-mechanical parametric study describes the
short- and long-term dynamic characteristics of a flat solar collector. The
approach used for modeling involves establishing a model for each component
of the collector based on its physical characteristics. Heat transfer through the
system is calculated assuming one-dimensional heat flow. The values of the
parameters are determined to match the model for a variety of different
configurations.

The finite difference method is applied in the simulation to evaluate the
temperature distribution at each time interval. The simulation model is
implemented in a computer code, and test steps are performed to identify the
thermodynamic behavior of the simulated collector.

Copper-based system: Achieves a maximum average temperature of 70°C,
indicating high efficiency in converting solar energy to heat.

Aluminum absorber: Achieves lower maximum average temperatures (50°C
and 40°C), suggesting reduced efficiency.

Copper system: Produces quality hot water without overheating, which is
crucial for practical applications.

Aluminum system: Significant temperature drops (to an average of 21°C)
highlight its inferior performance compared to the copper system.

Consequently, the parametric study concluded that the flat solar collector with single
glazing and a copper absorber selection ensures good thermal adaptation, and provides
a higher vyield compared to other types of combinations, suggesting practical
implications for design choices.
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