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Abstract

This work studies the performance of heat pipe solar collector for water heating. Experimental results are
validated using numerical modeling. Homemade heat pipes with distilled water as a working fluid were
used for experimental tests. Both natural and forced convective heat pipe condensing mechanisms are
studied and their results are compared with conventional natural circulation solar water heating system.
Cross flow and parallel flow heat exchanger were tested in forced type heat pipe condensing mechanism.
Experimental and numerical results showed good agreement. Heat pipe solar collectors outperformed
conventional solar collector because of their efficient heat transport method. Forced convective heat
exchanger was found to give higher efficiency compared to natural convective heat pipe condensing
system. However, natural convective heat pipe condensing is free from parasitic power and low system
weight. It also showed appreciable system efficiency and can be further developed to be used in rural areas
where grid electricity is scarce. Cross flow and parallel flow heat exchanger have been tested for forced
convective heat pipe condensing mechanism and no appreciable difference was found due to higher fluid

velocity in heat exchangers.
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Nomenclature

O- Heat transfer [W]

H- Heat of evaporation [KJ/Kg]

L/ Length [m]

P- Pressure [N/m?]
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T Temperature [°C]| or [K]
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K, Wick permeability [m?]

A Area [m?|
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G extraterrestrial radiation[W/m?]

Gy Solar constant [W/m?]

I Total solar radiation on ground [W/m?|

Kr clearance index

S Absotbed solar radiation [W/m?]

Ty Temperature of heat pipe working fluid
°C]

T, Tanker water temperature [°C]

T, Ambient temperature [°C]

by Radiative heat transfer coefficient
[W/m2.K]

T Tube base temperature [°C]

O, Absorbed heat [w]

g Heat pet unit area [W/m?]

T; Sky temperature [°C]

Nun Nusselt number

Ra Rayleigh number

Pr Prandtle number

Re Reynolds number

u Fluid velocity

U, Collector top Heat transfer coefficient
[W/m2.K]

Greek letter

Subscripts
p

v

/
¢ eff

Heat transfer resistance [m2.K/W]

Height [m]

Density [kg/m?], solar reflectance
Surface tension

Dynamic viscosity

Collector inclination angle [°]
Specific heat ratio

incident angle with the tilted surface
Ground reflectance

zenith angle

Latitude

surface azimuth angle

Emissivity

Reflectance

Absorptance
Transmittance-absorptance product

Boltzmann constant

Volumetric coefficient of expansion
Kinematic viscosity

Thermal diffusivity

Plate thickness [m]

Efficiency

Plate , pumping pressure
Vapor
Liquid

Effective
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UL

Uy

Upip

Utaﬂkz
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Mass flow [kg/s]
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cond
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1. Introduction

The demand for energy is increasing at a substantial rate as the economy of the populous developing
countries is growing. Currently, this high energy demand mainly depends on fossil fuel resources. Apart
from the difficulty of meeting the high energy demand, the issue of environment and sustainability has led
to a critical concern on power generation and its utilization. Fossil fuels are sources of emissions and are
unsustainable due to their dwindling reserves, price rise and resource not evenly distributed in the world.
Geopolitical instability in resource areas is also a major concern. Following this, today’s agenda is power
production from renewable resources which are environmentally benign and sustainable. Renewable

energy sources such as solar energy are the long term options to substitute conventional energy systems.

Substantial amount of heat energy is used for space heating and hot water production in household energy
system depending on the geographical location. In the Sweden for instance, space heating and domestic
hot water accounts approximately 60% of the residential energy use in 2009 (Swedish Energy Agency,
2010) while it accounts 19.2% of the household energy demand in US in 2001 (US Department of energy,
2005) and 81.1% of the household energy in Canada in 2002 (Aguilar et al., 2005). The use of renewable
energy technologies for production of heat energy can play a significant role in reducing the demand of

fossil fuels for heat energy production and reduce CO> emission.

Solar water heaters are the most developed renewable energy technologies used in the world. For the past
several years, conventional flat plate collectors have been well studied and developed. Their relatively low
cost, lower maintenance and easy of construction have made these systems very competitive and are
widely used all over the world specially for low temperature thermal systems. Conventional flat plate solar
collectors use water pipes attached to the collecting where water circulates either naturally or forced inside
the pipes and so transfers the heat collected by the plate to the storage tank. The following are some of
the limitations of conventional flat plate solar collectors for water heating (Kreider and Kreith, 1997,

Francis de Winter, 1990; Duffie and Beckman, 1991).

e Low heat transported by the fluid which leads to low thermal efficiency

e Pipe corrosion due to the use of water

e Freezing of water used in cold nights

e The night-cooling effect due to the transverse flow of cooled water

e The extra space required for natural circulation due to the position limitation required

e And the heavy total system weight



A design improvement of conventional flat plate collectors increases the solar energy share for hot water
production. Due to the low energy density and transient nature of solar energy, designing appropriate heat
transport system is important in increasing the solar fraction for stand alone or simulated hot water

production systems.

Employing heat pipes for solar water heating application is at its young stage and extensive studies are
required to integrate heat pipe in solar collector systems so as to improve the heat transport. Since the
advent of heat pipes in 1960, their importance in solar application such as solar collectors for domestic
water heating, space heating and cooling has received increasing attention (Dunn and Reay, 1994). As the
demand of energy conservation increases, heat pipes become more and more attractive for an increasing
number of various applications. Heat pips have low thermal resistance for heat transfer than any other
metals have (Dunn and Reay, 1994). Most of the above limitations of conventional solar collectors can be
overcome by using a compact heat pipe solar collector system. Very high thermal conductance (phase
change heat transfer), the ability to act as a thermal flux transformer and an isothermal surface of low

thermal impedance are very important properties of heat pipe for solatr system application.

Several studies have been reported on the use of heat pipe for solar water heating systems. Ismail and
Abogderah (1998) presented both theoretical and experimental comparison of wicked heat pipe solar
collector and compared with conventional forced solar collector. Methanol was used for heat pipe
working fluid and the condenser was 15 degree more inclination than the collector for better condensate
return. The theoretical study was based on Duffie and Beckham (1991). Heat pipe solar collector was
found with high efficiency compared to the conventional solar collector. Theoretical and experimental
studies on wickless heat pipe solar collectors for water heating have been reported (Hussein, 1999, 2007).
These studies use cross flow condenser heat exchanger. Distilled water was used as working fluid in heat
pipes. The performance of wickless heat pipe solar collector was found to be sensitive to cooling water
inlet temperature, absorber plate material and thickness and condenser length. It was also possible to
know the optimum cooling water mass flow rate for best efficiency of the system. The effect of condenser
heat transfer on the performance of plate type heat pipe solar collector with cross flow condenser heat
exchanger was studied using CFD methods (Facao and Oliveira, 2005). Due to non-uniform velocity
pattern in the heat exchanger, a mixed of natural and forced convective heat transfer models was
considered and found to have better match with experimental results. However, there is scarce of study on
the effect of different types of heat pipe condensers on the system performance of heat pipe solar
collectors. In this study, both forced and natural convective heat transfer in condenser heat exchanger are
studied and their performance is compared for the first time. The performance of natural convective heat

pipe condenser type is compared with conventional natural circulation solar water heating system.



2. Objective of the Project

The objective of this thesis is to study the integration of heat pipe for flat plate solar collector for water
heating. The project aims to evaluate the performance of heat pipe solar water heaters with conventional
flat plate solar water heating system. The project also investigates the effect of heat pipe condensing types

on the performance of the system.

Related scientific works are reviewed and documented. Single-node flat plate solar collector model has
been adapted for collector modeling from Duffie and Beckham (1991) and transient system heat transfer
equations are developed and solved numerically using Matlab. A homemade heat pipe and collector
systems are used for the experimental validation. All manufacturing and system testing are done at Mekelle
University, Department of mechanical Engineering. Both numerical and experimental results will be

compared and interpreted accordingly.

3. Working Principle of Heat Pipe

The components of a typical cylindrical wicked heat pipe are copper tube with end sealed, wick structure,
and a small amount of working fluid in thermal equilibrium with its vapor. It has three main sections as
shown in Figure 1: the evaporator, adiabatic and the condenser sections. In solar collectors, the evaporator
is bonded with the absorber of the collector and the condenser section is inserted in to the heat
exchanger. The heat picked by the evaporator sinks at the condenser section. Heat loss in the adiabatic
section is mostly ignored for good insulation. The working fluid is maintained at lower pressure in the
heat pipe. The working fluid evaporates at the evaporator section and creates a vapor pressure to flow to
the condenser section to condense. The evaporation and condensation happens at saturated temperature.
The wick develops a capillary pressure to pump condensed liquid from condenser to evaporator to
complete the circulation. The pumping can also be done by gravitation in gravity assisted heat pipes which

is also common in solar collectors.

3.1. Heat Pipe Theory and Design

In the design of heat pipe, the characteristic of the three main components: the working fluid, the wick

and the container are of important to attain the required heat transport capacity.

In order the heat pipe to work, the pressure drop in the fluid flow has to be compensated by the pumping

pressure in the wick by capillarity (Dunn and Reay, 1994). In equation form

AP, = AP, + AP, + AP, M



Whetre AP,, AP, AP, and AP, are the total pumping pressure, pressure drop for liquid return from

condenser, pressure drop for vapor flow in the evaporator and gravity head, respectively.

Adiabatic Condenser
Evaporator Section (Collector) Section Section

Vapor flow Container Liquid flow in

wick
Figur 1.Working principle of wicked heat pipe

3.2. Heat Transfer Limits

The physical properties of the fluid used and the wick properties determine the design to achieve a
working heat pipe with required heat flux. Capillary, sonic, entrainment, boiling, frozen start up,
continuum vapot, vapor pressure and condenser effects are physical phenomena that limit heat pipe heat
transfer. The heat transfer limit for heat pipe can be caused by any of the above phenomena depending on
the construction of the heat pipe and the operating environment. The lowest limit of these phenomena is
considered as a design limit. The main design limitations are discussed as follows (Dunn and Reay (1994);

Faghri (1995); Reay and Kew (2000)).
Capiliaty Iimit (Wicking limit):

The circulation of working fluid between the end zones happens due to the presence of wick structure.
This limitation is very common in low temperature heat pipes for instance in hot water production. The
limitation occurs when the capillary pumping power is not enough to overcome the pressure drops. The
evaporator dries out if heat transfer above this capillary limit is attempted. The maximum heat transfer
(Qmax) calculation is based on the hydrodynamic properties of the working fluid, wick and the orientation

of heat pipe.
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Where g, o, u are the density, capillarity and viscosity of the liquid fluid; K - permeability of the wick, Ay -
wick area, O-inclination of heat pipe from horizontal, re-effective radius of the heat pipe, g- gravitational
acceleration, £ total length of the heat pipe, H- heat of evaporation of the working fluid, subscript ~
liquid.

Sonic Limit

Heat pipe operation is accompanied with extraction and addition of mass in the evaporator and
condenser. The vapor velocity increases along the evaporator and reaches maximum at the end of the
evaporator. Since the vapor diameter is constant the heat pipe can act a nozzle at the end of the

evaporator. Since the vapor velocity cannot be greater than the speed of sound, a sonic limit develops.

0.5
o A,,H{ﬂ}

2(y, +1) 3

Where ¥, is the vapor specific heat ratio, Ry- gas constant, and T - temperature

Entrainment limit

This limitation happens when water droplets are transported by the fast moving vapor due the shear force
between the vapor and liquid at the interphase. If the heat transfer is too high, the evaporator dries out

and the heat pipe stops working. Therefore, the maximum heat transfer possible with this limit is

0.5
Q — A H O-.r,/pt’
max v 2}%

)
Where I, is hydraulic radius of porous media.
Boiling limit

Heat pipe wall temperature in the evaporator can become too high when the liquid in the wick starts to
boil due to high radial heat flux. The vapor bubbles in the wick prevent the liquid for uniform wetting and

a hot spot produces. This leads a dry out in the evaporator and limits the heat transfer.

2nl kT | 20
Qmax — ey |: sl _1)0:|
7 7,
Hp, In| -

©)
Where |e -evaporator length, ke - conductivity of the wick material, Po- working pressure, subscript 1,v,

and 0 are internal , vapor and external respectively.



3.3. Selection of Heat Pipes

Heat pipe are classified based on construction and operation. Two-phase closed thermosyphon wickless
gravity assisted and capillary driven are the most common heat pipe types used in solar application.
Gravity is the main mechanism in the thermosyphon type to return the condensate from the condenser
which is located above the evaporator. The entrainment limit is more profound in gravity assisted than
capillary driven due to the free liquid surface. The opposite of entrainment, flooding is also a problem in
thermosyphon heat pipe. Filling ratio is also very important factor in thermosyphon than capillary driven
heat pipe. Dry out occurs because of pool type and non-distributed working fluid. Gravity assisted
wickless are difficult in solar collectors with high degree of inclination because of pooling which create
non-uniform liquid distribution along the absorber length. This creates an increase wall temperature in

some part of the heat pipe.

In a capillary driven heat pipe, a wick placed circumferentially in the internal of the sealed container is
used to pump the working fluid from the condenser to the evaporator. Appropriate amount of working
fluid is put inside the container to saturate the wick. It has better performance in transferring heat with a
small temperature drop and long distance. The capillary limit is the main heat transfer limit in capillary
driven heat pipe. A combination of wicked and gravity assisted heat pipe gives a compromised
performance specially for solar application where the evaporator is long compared to other sections and
need a uniform wetting properties. A design of gravity assisted wicked heat pipe for solar application is

presented in this work.

3.4. Working Fluid

The design of heat pipe starts with the selection of working fluid. The selection of working fluid considers
a number of factors. The working temperature range is the first criteria to be fulfilled by the working fluid.
In solar collector, this is a crucial step as it determines the minimum and the maximum temperature for
the heat pipe operation. The following are other main criteria for selecting the right working fluid (Dunn

(1994)).

- Compatibility with the wick and the container

- Good thermal stability

- Wettability of wick and wall materials

- Vapor pressure not too high or low over operating temperature
- High latent heat

- High thermal conductivity

- Low liquid and vapor viscosities

- Higher surface tension



- Acceptable freezing or pour point

Organic solvents are the most widely used working fluid for low temperature applications because of
lower vapor pressure, less susceptible for freezing and material compatibility. For example Ethanol has
been used in many works for solar applications (e.g. Azad, 2008; Mathioulakis. and Belessiotis, 2002; Chun
et al., 1999; Payakaruk et al., 2000). But their advantage is degraded by low heat transport capacity. In solar
application, the efficiency of heat transport capacity overcomes other selection criteria as for the working
fluid. Hence, the use of working fluid with higher latent heat is beneficial. Water gives superior property
most of the organic solvents. Water is compatible with copper which is the most common container and

wick material used today. Water is considered for heat pipe working fluid in this work.

3.5. Container and Wick

The purpose of the container is to isolate the working fluid and the wick from external environment and
keep the required working pressure. It has to maintain the pressure differentials during operation of the
heat pipe. Thermal conductivity, strength to weight ratio and simplicity of fabrication method are
important factors in the selection of material for container. Wettability and porosity are also important
factors for uniform fluid distribution. Copper has surpassed properties for these properties and it is used

in this work.

Many factors decide the selection of wick materials and its structure. The property of the working fluid is
one of the important factors to be considered. Since its ultimate goal is to create a pumping pressure from
condenser to the evaporator, the wick has to produce the required capillary. Permeability is also a desirable
property to be considered in wick design. Both depend on the pore size of the wick. Capillary action
increase with decreases the pore size and the reverse happens for the permeability. The wick should have
also a good thermal conductivity for minimum heat resistance. There are different types of wick designs.

The two most common types are homogeneous structure and arterial wicks.

Homogeneous structures can be in mesh or twills. These are simplest and the common type wicks used. It
can be produced from stainless steel, copper, aluminum and nickel. A copper mesh type wick is used in

this experimental work.

3.6. Dimensioning Heat Pipe Section

The heat collected at the evaporator (solar absorber) has to be dissipated in the condenser. This needs a
careful design of evaporator and condenser length. The condenser length depends on the amount of heat
collected and the condensation mechanisms. High heat transfer coefficient in condenser heat exchanger

results small condenser length. This can be attained by increasing the velocity of the condensing fluid or



any other mechanisms which can increase the heat transfer. The size of the evaporator and the cooling
fluid temperature also determine the condenser length. Critical design values have to be considered in
sizing the sections of the heat pipe. The adiabatic section depends on how long should be the heat
transferred from the evaporator. In solar water heaters the length of adiabatic section doesn’t have a merit
mostly. Therefore, it is desirable to reduce the adiabatic length as small as possible to minimize the heat

loss. For the heat collected from the solar absorber, the condenser length can be optimized:

Q collector

I ﬂ.do ) /mﬂd
/?(T/af _T;p) 7 (6)

4. Flat plate Solar Collectors

In fluid heating, flat plate solar collectors are the most developed and adapted solar technologies for low
and medium temperature thermal applications. Solar radiation heats absorber and a heat transfer fluid
transports heat from the absorber. Flat plate solar collectors are inexpensive, robust, and developed
construction and have got wide applications in solar technologies. A typical single glazed flat plate solar
collector is shown in Figure 1. The special optical characteristic of flat plate collector is its advantage in
using both beam and diffuse solar radiation. For residential and commercial use, flat plate collectors can
produce heat sufficiently high temperature to heat swimming pools, domestic hot water, and buildings.
Temperatures of 40 to 70 °C can easily be attained by flat plate collectors (Duffie & Beckman, 1991).
Careful engineering design of materials and heat transfer system can improve the efficiency of solar

collecting. Conventional flat plate collectors have the following basic components:

e A transparent cover of one or more layers of glass or plastic material that transmits visible and near

infrared radiation wavelength (<3 um) and absorbs far infrared radiation wavelength (> 3 pm). In

flat plate collectors, the cover has three main advantages. The first is to return the reflected beam of
the solar radiation from the absorber and increase the absorptance of the absorber. The second
advantage of the cover is that it traps the thermal radiation emitted from the black absorber which
decease the thermal loss from the collector systems. The third and the last is to isolate the hot black
absorber from the ambient condition so that it decreases the heat loss.

e An absorber plate made of a high thermal conductive material, coated with a selective material
having a high solar absorptance and a low thermal emissivity (Duffie & Beckman, 1991).

e  Metal tubing or channels through which the heat transfer fluid passes and which are likely to be
coated with the same material as the absorber plate.

e A casing or container encasing these components, with insulating material on the back of the

absorber plate or casing, and on the casing sides to minimize heat losses.
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Figur 2. Single-Cover typical flat plate solar collector

4.1. Solar Radiation for Flat Plate Collector

Thermal radiation has a wavelength between 0.2-1000 pm in the spectrum of electromagnetic radiation.

This includes all the solar radiation, infrared radiation and some of ultraviolet radiation. Solar radiation

covers a wave length from visible to infrared (i.e. 0.3 to 25 pm). The study of solar energy for a specific

thermal application starts from the maximum extraterrestrial energy flux of the sun, the solar constant
Gsc. It is the energy from the sun, per unit of time, received on a unite area of surface perpendicular to
the direction of propagation of the radiation, at mean earth-sun distance, outside the atmosphere. A
different value of Gsc has been given by different reports depending on the type of measurements used.
The World Radiation Center has adopted the most recent value of Gsc =1367 W/m?2 with uncertainty of
order of 1%. However, the variation of the sun to earth distance leads a variation of extraterrestrial
radiation flux in the range of +3%. To account this, the following equation is used to calculate the

extraterrestrial radiation received (Duffie & Beckman, 1991):

G, =G, (1 +0.033cos> 60”) )
| 365

Where, Gon is the extraterrestrial radiation measured on the plane normal to the radiation and on the n

day of the year (with January 1 as one).

The total solar radiation reached on the surface is subjected to scattering and absorption of radiation in
the atmosphere. Atmospheric scattering is mainly due the air molecules, water and dust while absorption
is due to O3, HoO, and COaz. The x-ray and other very short wave radiation of the solar spectrum are
absorbed high in the ionosphere by nitrogen, oxygen and other atmospheric components. The ozone layer
absorbs most of the ultraviolet. Very little part of radiation of wavelength longer than 2.5 um reaches the

earth due the high absorption by COs. Thus, from the viewpoint of terrestrial application of solar enetgy,



only radiations between 0.29 and 2.5 um need to be considered. The solar energy reached in the earth’s
surface is a combination of beam and diffuse components. The diffuse component is the result of

atmospheric scattering and ground reflections.

Flat plate collectors absorb both diffuse and beam radiations. Climatic conditions greatly affect the diffuse
component. The first is isotropic which is received uniformly from the sky dome and the second is
circumsolar diffuse resulting from forward scattering of solar radiation and concentrated in the part of the
sky around the sun. The third type is the horizon diffuse type, referred as horizon brightening, is
concentrated near the horizon. Figure 2 demonstrates these radiations on tilted surface. The total radiation

I on the inclined sutface is the sum of beam and the diffuse:

I = I/z + It/,im + It/,f,r + Ir/,hz + Ir"c/] (8)

Where the subscripts b, d iso, cs,hz and refl refers beam ,diffuse, the isotropic, circumsolar, horizon, and

reflection radiation respectively.

Duffie & Beckman (1991) has reviewed different models developed by different researches and suggested
the HDKR model. HDKR refers to the integration of Hay & Davis (1980), Klucher (1979), Reindl et.al
(19902) model. The model considers the beam radiation, all components of diffuse radiation, and the

ground reflection to find the total radiation on the tilted surface.

I:(I/, +Id/1,-) cos6 +1, (1_‘/41')(#)[14"}[@113 (gj}ﬁLkaz (_1_CZOSﬂ) )

COS Z

Where , A; is the anisotropic index which is a function of the transmittance of the atmosphere for beam

radiation
g =k
YT

B - alt angle for the collector from the horizontal
0 - incident angle with the tilted surface
0. -zenith angle, the angle incidence of the beam radiation on the horizontal surface

og- surrounding diffuse reflectance (0.2 for non-snow surfaces )

r=\\")
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Figur 3 Beam, diffuse and ground reflected radiation on tilted surface (source: Duffie & Beckman, 1991)

4.1.1. Collector Orientation

The variation of slope and solar azimuth angle () affect the amount of total energy collected in the flat

plate collector during monthly, seasonally or annually. Proper optimization of these variables is important
in the demand of hot water for household or industrial purpose. The surface orientation leading to
maximum output of a solar energy system may be quite different from the orientation leading to
maximum incident energy. Figure 3 shows the energy collected per year at different collector tilt angle {3

with other parameters kept constant. The total annual energy received as a function of slope is maximum

at approximately 8 =¢ where ¢ is the latitude. The orientation of a flat plate solar collector can also be

adjusted depending on the required seasonal or monthly demand. In general, the following rule of thumb
can be considered in the design of flat plate solar collector For maximum annual energy availability, a

collector tilt angle equal to the latitude is considered (Duffie. & Beckman, 1991).
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Figur 4. Variation of average daily radiation (H) on surfaces with different slope as a function of time in
the year for latitude, ¢p= 45, average clearance index Kr =0.5 and surface azimuth angle y=0°, and ground
reflectance pg=0.2.( Source: Duffie & Beckman, 1991)

4.1.2. The Relationship of Absorptivity Emissivity and
Reflectivity

Radiation and optical properties of opaque and transparent materials play a significant role in the design of
flat plate solar collectors. The absorptivity, emissivity and the reflectivity are the three properties of the
surface or incidence radiation used in the design of a solar collector. The absorptivity (o), emissivity (g)

and reflectivity (p;) of a surface or incident radiation can be calculated as follows (Duffie & Beckman,

1991):
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