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ABSTRACT

This study investigated the effects of operating condition and ejector
geometry on the R141b ejector refri geration for achieve the high system performance.
The first step to determine the operating condition and ejector geometry through
computer calculation program. That found at the generator temperature is 84 °C
evaporator temperature at 8 °C, diameter of nozzle throat is 2 mm. diameter of nozzle
exit is 8 mn1. diameter of mixing chamber inlet is 25 mm and diameter of constant
area section is 8§ mm. The entrainment ratio and COP of computer calculation program
is 0.289 and 0.230, respectively. The second step ejector is fabricated and equipped to
solar ejector refrigeration system, it is found that average COP is 0.231.

The economics analysis of solar ejector cooling system with storage system
are investigated. The investment cost of the system and payback period were 158,158
baht and 7.75 years, respectively. The return value on a net present value (NPV) was

60,872.63 baht, internal rate of return (IRR) is 13.57%.
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CHAPTER I

INTRODUCTION

Rationale of the study and statement of the problem

Currently, global warming has been causing an increase in global
temperature. As a result, there has been an increase in air conditioning demand as
well, which can be observed from the worldwide growth of air conditioning market.
The growth rate assessment is at about 17%. In figure 1, the sales rates of room air-
conditioners (RAC units) are shown in various regions of the world. The expected
increase in 1998 was about 26 million units while it was more than 40 million units in

2006. [1].
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Figure 1 Annual sale of small room air conditioners (RAC units) [1]

Approximately 15% of elecironic products worldwide are mostly air
conditioning and refrigeration systems [2]. In Thailand, electricity consumption can be
categorized into 3 main parts: 40% consumed by industry sector, 35% consumed by
business sector, and 25% consumed by residential sector. Over 50% (approximately
50x10® GWh/year) of electricity cost is consumed by air conditioning systems, due to
the climate of Thailand that is located along the equator line causing a tropical climate.
Nowadays, most of office buildings and houses are primarily designed to be dependent

to an air conditioning system. It leads to an increase in the air conditioning demand



every year, at about 400,000 machines per year. Electronic productions from power
plant thusly have to support the air conditioning system at about 600 MW each year
[3]. According to the steadily increasing cooling system demand, the energy price
trend is rising all the time. Therefore, it is necessary to seek for energy from different
sources, for instance, solar energy, as a replacement of fossil energy. Solar energy is
clean, it has no impact to the environment, and it can produce both electricity and
thermal energy. The solar thermal can be used for cooling system and to reduce CO;
emission that comes from the combustion of fossil fuels used to produce electricity.
The common cooling technologies being used are vapor compressed
refrigeration systems that are made to be compatible with solar energy in order to
extract electricity from solar cells, which are Desiccant System, Passive Cooling
System, Absorption Refrigeration System, and Ejector Refrigeration System.
According to literature review conducted by many researchers, an ejector refrigeration
system has been studied and developed due to many of its advantages, for example,
the simplicity of the installation, design, and operation, the relatively low cost in heat
operation system, the possible usage in residential sector, and it can be used as an
environment-friendly refrigerator as well. However, the ejector refrigeration system is
prone to be lacking in energy storage system. Therefore, the objective of this research
is to develop a residential solar ejector refrigeration system with the effective energy
storage system for air conditioning. The performance analysis and economic

feasibility compating to other cooling systems are studied as well.

Objectives of the study

1. To design an ejector for a solar thermal air conditioning integrated with
energy storage system

2. To evaluate economic analysis of the solar thermal air conditioning with

storage system

Scopes of the study
1. Cooling system with energy storage for residential sector.

2. The R141b is used as a refrigerant.



3. Economic comparison between the solar cooling system with conventional

systems.

Benefits of the study

1. A prototype of the solar thermal air conditioning integrated with storage

system.

2. A feasibility of implementing the system will be distributed.



CHAPTER II
LITERATURE REVIEWS

Principle of Ejector Refrigeration Cycle

Ejector refrigeration was first developed by Le Blance and Charles Parsons
around 1901 using water as refrigerant [3]. It experienced a wave of popularity during
the early 1930s for air conditioning systems in large buildings [34]. Ejector
refrigeration cyele is similar to the conventional vapor compression system except that

the compressor is replaced by a liquid circulation pump, generator and ejector [4].
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Figure 2 Schematic diagram of an Ejector Refrigeration Cycle [4]

The refrigeration cycle is shown in Figure 2, the primary vapor stream from
the generator accelerates through the nozzle of the ejector, resulting in having a low
pressure at the nozzle exit. The pressure is accordingly lower than the pressure in the
evaporator. So, the vapor is drawn from the evaporator. The two streams are mixed in
a mixing zone at the end of the converging section. After getting mixed, a combined
stream becomes a transient supersonic stream. Along the constant area and the diffuse
sections, a transverse shock is taking place in order to balance the pressure difference.
The velocity of the combined stream becomes subsonic and decelerates in the diffuser

after the shock. The vapor from the ejector then goes to the condenser, and then one



part of the fluid is pumped to the generator and the rest goes to the evaporator,
resulting in reaching an evaporator pressure by the expansion device at Jast [5].

In Figure 2, the procedures of the ejector refrigeration system are represented
in a pressure-enthalpy diagram. The model of the ejector refrigeration system is based
on the thermodynamic states in each operating point according to Figure 2 and the
following equations. The numbers in the subscription refer to the conditions

mentioned in Figure 2 and, Energy balance at the mixing point of the ejector:
(mg + n'1.e)hs = 1phg + Mghs (1)

For the mass conservation law of impulse at the mixing section of the

ejector,
MgCy + HeCo = (mg T ‘n'l-e)Cm (2)

Assuming that the inlet area from the evaporator is large enough, c, can be

set as 0; Equation 2 can be simplified as:

M. X
Ay (3
C??I

?Hg

The mass flow rate ratio between the streams from the evaporator and the

generator in Equation 3 is as followed, w is referred fo as entrainment ratio.

M
w = —E (4)
1y

Another important criterion for the ejector is the compression ratio, which

is defined as the pressure ratio between the condenser and the ejector.

P (5)



The critical condenser pressure is the name used to call the back pressure or
the condenser pressure at the critical condition. The ejector refrigeration system is
generally operated at the critical condenser temperature. The compression ratio at the

critical condition is called the critical compression ratio, 73,

®

nh=

(6)

%
i
F.

The efficiency of the ejector cooling system is widely expressed in terms of
both an entrainment ratio and a coefficient of performance (C 0P, jc). Neglecting the
work input to the pump, the thermal COP of the ¢jector refiigeration system is defined
as a ratio between cooling capacity and necessary heat input, as shown in the

following equation.

Coefficient of performance:

% J ”:I-e(hg — hg) 7
Qg 1y(hy —hy)

(‘OPejC =
The cycle performance computation was carried out based on the energy
conservation equations for the generator, evaporator, condenser and pump under the

steady state operation conditions. These basic equations are given as followed,

respectively:
Qg = 1My(hs — hy) (8)
Q. = m,(hg — hg) 9)
Q, = m.(h; — hg) (10)

The coefficient of performance of the cycle is given by:

_ Qe
CopP = i) (11)



Principle of ejector

The ejectors are an essential part in refrigeration and air conditioning,
desalination, petroleum refining and chemical industries [5]. Moreover, the ejectors
form an integral part of distillation columns, condensers and other heat exchange
processes. Even though the construction and operation principles of jet ejectors are
commonly known, an ejector is a device in which a higher pressure fluid, which is also
called primary fluid, is used to induce a lower pressure fluid, which is also called
secondary fluid, into the ejector. Fluids from these two streams are mixed together and
discharged to a pressure that lies between the pressures of these two fluids. The ejector
and a pump arc used instead of a compressor (in a vapor-compression system) for

producing a cooling power in an ejector refrigeration cycle.
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Figure 3 Ejector Geometry and Sections [4]

An ejector is consisted of 3 main parts: a suction chamber, a constant area and
mixing chamber, and a diffuser. A schematic of ejector geometry is shown in Figure 3.
Vapor is drawn from the evaporator when the primary flow goes through a
converging-diverging nozzle in the ejector. The secondary flow is accelerated to a
high velocity vapor stream and eventually reaches the subsonic velocity. Mixing starts
at the onset of the constant-area section (section y-y, hypothetical throat, in Figure 3).
In section y-y, both streams develop uniform pressure; the choking of the secondary
flow occurs then. A mixed stream develops into a transient supersonic stream and

shocks at section s-s. The velocity of the mixing fluid must be high enough in order to



increase the pressure after the deceleration in the diffuser into an appropriate
condensing pressure.

Normally, different ejectors have contrasting characteristics, resulting in
various performances. Ejector performance is primarily dependent on design and
operating conditions. Double choking should be taken into account for the best
performance. The design principle of the steam ejector can be used as a guideline for
other working fluids, but it cannot be wholly applied for all cases. There is no unique
solution for every single ejector. When operating the ¢jector in a critical mode, the
hypothetical throat analysis can be used as a key to calculate performance and

dimensioning the ejector.
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Figure 4 The Geometric, Pressure and Velocity Diagram in an Ejector [4]

The design of the ejector can be commonly categorized into two types,
depending on the position of the nozzle, as followed.
1. “Constant-Area Mixing Ejector”: the exit of the nozzle is within the

constant area of the ejector. Primary and secondary fluids are mixed in this area.



2. “Constant-Pressure Mixing Ejector”: the exit of the nozzle is in the suction
chamber, which lies ahead of the constant area. At a specific pressure, primary and
secondary flows are mixed in the suction chamber. Pressure of the mixing streams
remains constant along the chamber from the nozzle exit to the inlet of the constant
area section.

The constant-pressure mixing ejector is more promising than the constant-
area mixing ejector due to its better generating performance with the design concept
that mixing occurs in the constant-area section [6, 25]. Choking phenomena can be
observed in 2 places: the primary flow through the nozzle and the secondary flow. The
acceleration of the flow from the stagnant state has a significant effect on the chocking
in the secondary flow. This happens in the suction chamber at the inlet of the
supersonic flow to the constant-area section. As described previously, performance of
the ejector is normally measured by a mass flow ratio between the streams from the

evaporator and generator, which is called the entrainment ratio (®).
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Figure 5 Operational modes of ejector [4]

The entrainment ratio depends on a back pressure (also called condenser
pressure, P,) at a specific primary pressure (Pg) and secondary pressure P,. According
to the back pressure, there are 3 operation modes that best performance can be
obtained at the critical mode, where the back pressure is lower than the critical

pressure. During this state, the entrainment ratio is constant and choking phenomenon
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occurs both in the primary and entrained flow. The entrainment ratio decreases when
the back pressure is higher than the critical pressure; and the choking only exists in the
primary flow, not in the secondary flow. If the back pressure is higher than F,,, as
shown in Figure 5, there will be no choking phenomena in either flow. P, is
considered as the limiting pressure of ejector operational mode. The operation would
subsequently fail thusly.

The following analysis starts with the expansion process of the primary flow
through the nozzle, and is followed by the analysis of secondary flow and mixed flow
at different cross sections, and the flow through the diffuser at the end. The analysis
has an assumption that the process in the ejector is adiabatic. Kinetic energy of the
inlet and outlet flows is not considered. Friction and mixing loss is counted as the form
of isentropic efficiency. The flow within the ejector is assumed to be steady and the
working fluid has constant properties along the ejector.

1. The expansion process of the primary flow through the nozzle

Vapor from the generator expands irreversibly in the primary nozzle,
resulting in a partial vacuum at the nozzle exit. The first law of thermodynamics is
applied to the energy balance equation as followed:

2 2

Cg — €y
Q:£t+hs_HA+—2—_+!}(ZB“ZA) (12)

The velocity of the stream at the nozzle exit (cy) can be expressed with
the assumption of adiabatic condition (q = 0), no work (g = 0), and no influence of

elevation change(zgz = z,), as followed,;

g = 2(hg - h,m) (13)

= J 20w (hy — hgmis) (14)
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Where a nozzle’s isentropic efficiency (1) can be defined as,

h, — h,
q n
Wy~ )
g gm,is
where
. is enthalpy of the mixing fluid at mixing point
hg is enthalpy of the driving (primary) fluid from the generator

hgmis isenthalpy of the driving fluid (primary) from the generator

expanded isentropically to the mixing pressure.

The mass flow from the generator through the nozzle at choking condition

can be expressed as,

131
d 1Ny 2 g
my = BA; iﬁ (m) (16)
{ P:
T : P..

e
]
1
1
H

M
{: Xpansion
1
1
1

amys

Y

Figure 6 The T-S Diagram for Expansion and Compression Process [4]

The Mach number of the fluid from the generator (Mag ;), which expands

through the nozzle can be depicted as,
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The Mach number of the fluid from the generator (Mag,) that expands

through the nozzle can be illustrated as,

~1/y
21N (P1)Y !
Ma,, = 1—-|— (17
= Jy—l[ Pg )

The relation between the Mach number and the cross sectional area can be

illustrated as,

Agl)z 1 [ 2 (1_+;/f«1ﬂ4 : ) Py -
(At ~ Ma ly+1 2 %1] )
', -1 14

. (1 o ; )Magl) fr-1 (19)
gl

The Mach number of the primary flow at cross section y-y can be

calculated from the following equation

Y
}/—1 2 /yfl
Foy 1+( 2 )M%l 20)
P a4 (Y5) Maz,

The area of the primary flow core at the y-y section is calculated by using
the isentropic relation that includes an arbitrary coefficient, @, which signifies in the

loss in the flow from section 1-1 to y-y.

Dy / (YH)/ 2(y-1)
ty M0 (g (1 () Majy)
2

™ T\ (7 w5

(21)




The arbitrary coefficient for the primary flow (Cﬁg) that leaves the nozzle
is assumed to be around 0.88, according to [25].

Importantly, the throat area of the primary flow can be calculated by
assuming the throated pressure at first and later calculating the mass flux through this
throat. Calculations will be continually done until the maximum mass flux through this
throat is conveyed. The first assumed throated pressure could be the throated pressure,

which generates the unity Mach number.

AN
P.=P (1 .t : 1)) (22)

2. The Secondary Flow

The secondary flow rate at choking condition (section y-y) is illustrated as,

y+1

PA,, |ys 2 ly-1
M, = e L( ) VIne (23)

\/Fe R\y—1

Assuming that the entrained flow has obtained the choking conditions, the

Mach number of the secondary flow at section y-y is approximately one,

}’—1/,
2 F, ¥
Doy Mgl | NSNS
Ma,, i (24)
Pey

The area at from the entrance of the secondary flow to the mixing zone can
be calculated in a similar way by calculating the throat diameter of the nozzle.
3. Cross-sectional area at section y-y (Aj3)
A cross-sectional area at y-y is the summation of the area for primary flow

Agy and entrained flow Ay,

Az = Agy + Agy (25)
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4, Mixing Section

The energy balance at the mixing point can be defined as,

(1irg + 1he) - by = 1t * R 10y * Ngexp (26)
where: h,, isenthalpy of the mixing fluid at the mixing point

h, is enthalpy of the entrained refrigerant (secondary fluid)
from the evaporator
Ny esp i enthalpy of the driving fluid from the generator after
the expansion through the nozzle.
The temperature and the Mach number of the streams at section y-y can be

written as,

T ==

9 =+ 2 maz, (27)
TSJ’

() y + 1

— =1 Ma3, (28)
Ty 2

A vacuum takes place at the exit of the nozzle, thus the stream from the
evaporator is absorbed in to the ejector. The entrained stream then mixes perfectly
with the higher-pressure stream from the generator. To make it simpler, it can be
assumed that the mixing pressure is constant, Pressure remains unchanged while the
mixing of the two streams occurs.

The mass conservation law of impulse can be written as:
(z)m(mg * Cgexp T Mg ce) = (n'lg + n’ze) “ Gy (29)
where: 1,  ismass flow of driving (primary) fluid from generator

m, is mass flow of the entrained (secondary) refrigerant

from the evaporator
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Cg,exp 18 Velocity of driving (primary) fluid from the generator
after expansion in the nozzle entering the mixing section

¢, is velocity of entrained (secondary) refrigerant from the
evaporator

¢y is velocity of mixing fluid leaving the mixing section

An arbitrary coefficient accounting for friction loss ®.,. varies with the

ejector area ratio (As/A). [25], it is reported that

O = 0.80 for 22> 83 (30)
t
B, =082 for 69 < “2<83 @1)
t
@ = 0.84 for 22 <69 (32)
t

It can also be expressed as in the following equation:

By = 1,037 —0.02857 - 22 (33)

t
The length of the mixing section is generally defined in terms of the throat
diameters. There are various recommendations for the lengths of the steam jet ejectors,

depending on the research groups. However, all of them are in the range of 6-10 times

of the throated diameter [7].
Lipix =6+ D3 (34)
Another important issue is the angle of the mixing section. Ejector

efficiency will be reduced if the angle is too large. On the contrary, if the angle is too

small, the ejector will be unable to compress the vapor flow to design the condensing
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pressure. Angles of the mixing section cone are about 7-10 degrees for the first portion
and 3 to 4 degrees for the second portion.
The velocities of the primary and secondary flows at section y-y can be

expressed as:

Cgy = Magy V" R-Tgyy (35)

Coy = Magy - JY R Tgy (36)

5. Constant Area Section

In the constant area section, supersonic shock occurs around section s-s, as
shown in Figute 3. Complex oblique shock patterns are included in the shock that
happens here; this is due to a thick boundary layer and a very peak velocity profile.

To make the ejector effective, it is recommended that the length of the
constant-area throat section should be three to five throat diameters long. In this case,
this length is suggested to be five throat diameters long.

Assuming that the mixed flow after the shock undergoes an isentropic

process, the pressure of the mixed flow from m-m to 3-3 is constant at Ps.

2 .
Py = By |1+ 2L (M, - 1) (37)
R\ : Ma?,
Ma3 = % (38)
“ ﬂ/{ 2 }! — 1
[l

The Mach number of the stream after the shock flow is,

Mas + —
= 1 : 1 (39)
(y——) Ma2 -1

—1

\
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Tt is mentioned that the constant-area section diameter is a critical design
parameter. There are several methods to calculate this dimension in the literature;
however, none is accurate. The only way to determine this is by experiment or, if
possible, an analysis of manufacturer data.

6. Diffuser

After going through the mix, the mixing stream will form a single
supersonic stream and then move forward through a constant-area section with
transverse shock to the diffuser, In the diffuser section, the stream will be compressed
into condensing pressure and the velocity of the stream will decrease.

The subsonic diffuser is in a conical shape. For the steam ejector, the angle
varies between 5 to 12 degrees with an axial length of 4 to 12 throat diameters. It is
recommended that the axial length should be 6 times the throat diameter.

From the energy conservation equation, the velocity of the mixing stream

can be written as followed,

%:JwU%—M)=Jz0mQ(mmfma (40)

The nomenclature ‘c, d and dc, is* here refers to the point in Figure 7.

A diffuser isentropic efficiency 1p is defined as,

hdcis 3 hd
ek 41
”D th o h-d ( )

The stream is compressed to a higher pressure, based on an assumption of
a reversible adiabatic process in the subsonic flow. The velocity at the exit is believed

to be zero, the pressure lifted in the diffuser can thus be estimated as followed:

Z
P T y-1
AZG@LJM@+Q (42)
Py 2
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7. Performance
The performance of an ejector can be generally defined in terms of the
mass flow rate ratio between the streams from the evaporator and generator. It can be
called as the entrainment ratio (®). The following equations of the entrainment ratio

are repeated below for the convenience in referring.

M,
= — (43)

??lg

From the mass conservation law of impulse Equation (20) and the velocity

equations;

w=-2- (44)

(45)

w =

W = J(rm gyl amds _ 4 (46)

hacis—ha

Tn addition, the entrainment ratio can be described by the ratio of the Mach

number between the streams of the evaporator and generator [8] as followed.

_ Ma,
Ma,

w (47)

One of the important parameters is the nozzle position. The distance
between the nozzle exit and constant area (section x-x) is suggested by [25] to be

about 1.5 times of the constant-area chamber diameter.
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Energy Storage System

[9] Energy storage (ES) is storing some forms of energy that can be drawn
upon to perform some useful operations at a later time are stored. A device that stores
energy is sometimes called an accumulator. All forms of energy are potential energy
(e.g. chemical or gravitational), kinetic energy, electrical energy or thermal energy. All
these forms of energy could be stored using an appropriate method, system or

technology. Figure 7 shows a large variety of energy storage systems that are under

development.
ENERGY STORAGE SYSTEMS
Mechanical Chemical Biological Magnetic Thermal
Energy Storage Energy Storage Energy Storage Energy Storage Energy Storage
- Hydro storage - Electrochemical batteries ~Scpsible heat storage
- Compressed air storage - Organic molecular storage <Latqiigheat starage
- Flywheels - Chemical heat storage

Figure 7 Classification of the energy storage systems [9]

ES is critically important to the success of any intermittent energy source in
any meeting demand. ES systems can be significantly contributed fo meet a society’s
needs for a more efficient, environmentally benign energy use in the building of
heating and cooling system, aerospace power, and utility applications. The use of ES
systems often results in such significant benefits, such as the reduction in energy costs;
the reduction in energy consumption; the improvement of the indoor air quality; an
increase in the flexibility of the operation and the reduction initial and maintenance
costs.

ES can also improve energy system performances by smoothing the supply
and increasing the reliability. For example, storage would improve the performance of
a power generating plant by load leveling. The higher efficiency would lead to the
energy conservation and would improve cost effectiveness. Some of the renewable

energy sources can only provide energy intermittently.



20

Thermal Energy Storage

Thermal energy storage (TES) systems have a potential in increasing the
efficiency of the use of thermal energy equipment and of facilitating a large-scale
switching. They are normally useful for correcting the mismatch between the supply
and the demand of energy. [10] The TES is not a relatively new concept, in fact, it has
been used for centuries. Energy storage can reduce time or rate mismatch between
enerey supply and energy demand, and it significantly plays a role in energy
conservation. Large TES systems have been employed in a more recent history for
numerous applications, ranging from solar hot water storage to the founding of air
conditioning systems.

The length of time during which energy can be kept stored with acceptable
losses is one of the important characteristics of a storage system. If solar energy is
converted into a fuel, such as hydrogen, there will be no such a time limit. The storage
in form of thermal energy may last for a very short time because of the loss by
radiation, convection and conduction. Another important characteristic of a storage
system is its volumetric energy capacity, or the amount of energy stored per unit
volume. The smaller the volume, the better the storage system is. Therefore, a good
system should have a long storage time and a small volume per unit of stored energy.
If a mass specific heat capacity is not small, denser materials that have smaller
volumes would correspondingly advantage the larger energy capacity per unit volume.
The space available is limited both in transportation and in habitat applications. The
volume occupied by the present available storage systems is considerable and may be
an important factor in limiting the size of provided storage. The amount of energy
storage provided is dictated by the cost. The cost of floor space or volumetric space
should be one of the parameters in optimizing the size of storage.

TES have three basic methods for storing thermal energy as followed. [11]

1. Sensible heat storage is when a liquid or a solid is heated without changing
a phase. The amount of energy stored is dependent on the temperature change of the
material.

2. Latent heat storage is when a material is heated while undergoing a phase
change (usually melting). The amount of energy stored in this case depends on the

mass and latent heat of fusion of the material. The storage operates isothermally at the
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melting point of the material. If isothermal operation at the phase change temperature is
difficult, the system would be operated over a range of temperatures, including the melting
point. The sensible heat contributions and the amount of energy stored have to be
considered as well.

3. Chemical energy storage is when the heat is used in order to induce a
certain chemical reaction and then to store the products. The heat is released when the
reverse reaction occurs. In this case, the storage essentially operates isothermally
during the chemical reactions as well. However, the temperature at which heat flows
from the heat supply is usually different.

The selection of a TES system method depends on the storage period
required, for example, diurnal or seasonal, economic viability, operating conditions,
and so on. Many research and development activities on energy have concentrated on
the efficient energy use and the energy conservation, and TES appeats to be one of the
more attractive thermal technologies that has been developed.

1. Sensible heat storage system

Ehergy is stored or extracted by heating or cooling a liquid or solid that
does not change its phase during the process. [11] One of the most attractive features
of the sensible heat storage systems is that the charging and discharging operations can
be expected to be completely reversible for an unlimited number of cycles.
Effectiveness of the sensible heat storage system is dependent on the specific heat and
if volume is taken into account, on the density of the storage media. [12]

The sensible heat Q. gained or lost by a material in changing in

temperature from Ty, to Ty, is

Ty Tz
0, = Mf C,dt =Vf C,dt (48)
Ty Ty

Where: M is the mass, kg

C

» s the specific heat, J/kgK

p is density of material, kg/m? (if the volume V is constant)
I is the volume of material, m’

7, and 7> are the operating temperature limits, K.
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It is observed from this equation that the higher the specific heat and
density of material is, the greater the quantity of energy that will be stored in a given
volume of the material. However, there are several other parameters that have an
effect on the performance of system, for instance, the temperature of operation,
thermal conductivity, thermal diffusivity, vapor pressure, compatibility between the
storage material and the container, stability of material at the highest temperature of
cyclic operation, and of course, the cost of the system.

For certain types of applications, it is important that the thermal energy is
supplied at a temperature that is equivalent to or above a certain threshold temperature
(lowest operating temperature). Sensible heat storage has some inherent drawbacks for
such applications because the temperature of the storage material has to rise above this
threshold temperature when thermal energy is stored. The temperature of the storage
declines during the discharge period until it reaches an equivalent temperature to the
threshold temperature, assuming there is mo temperature drops across the heat
exchanger at the load end. During the charging, the temperature of the sensible heat
storage material continually increases. The charging reaches termination at a certain
storage temperature, Tya. The energy source has to supply thermal energy at
temperature varying from Tinreshold 0 Tiax

Certain applications require energy at steadily increasing temperatures, not
at constant temperature. When the load consists of a fluid or solid that is to be sensibly
heated, the heat transfer to the fluid has to be at monotonically increasing
temperatures. Examples of such loads are solar air heating system for drying or space
healing, and solar thermal power Plant.

The following are the conclusions about the drawbacks of sensible heat
storage for such applications: [13]

1.1 Mean temperature of storage is higher than the threshold temperature.
Higher temperatures of storage result in higher heat losses from the storage.

1.2 Temperature of the storage material continually rises during heat
deposition, which results in steadily decreasing heat flux deliveries

1.3 Heat storage occurs at temperatures that are higher than ambient.

Hence, the insulation is required to prevent heat loss and is added to the system cost.
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One of the most attractive features of sensible heat storage system is that
the charging and the discharging operations can be expected to be completely
reversible for an unlimited number of cycles, i.e., over the life span of the storage.

The quantities of material that is required for the storage tank and the heat
losses are approximately proportional to the surface area of the tank. The storage
capacity is proportional to the volume of the tank. Larger tanks have a smaller surface
area to volume ratio and therefore are less expensive and have less energy stored per
unit.

The efficiency of thermal storage can be defined as the ratio of heat output
to heat input, heat output being lower than the input by the amount of heat losses. This
definition of efficiency only considers the energy balance from the point of view of the
first law of thermodynamics. However, in the case of sensible heat storage, the
temperature of stored medium drops due to heat losses and therefore energy is
available at a lower temperature. Lower temperature of the fluid leads to lower rates of
energy transfer to the load, or to requirement of larger heat exchangers. In case the
stored thermal energy has to be converted into mechanical energy or other high quality
forms of energy, not only the quantity but also the quality of energy charge and
discharge must be taken into consideration. Thus the definition of efficiency taking
into account, the second law of thermodynamics would be the ratio of availability of
the energy discharged to the availability of the encrgy charged.

2. Well-nixed liquid storage and sensible heat storage media

The most widely used method of sensible heat storage is a well-mixed
liquid storage. The transient energy balance equation for a hot liquid storage tank can
be considerably simplified if the temperature in the storage tank is assumed to be
uniform, which is called well-mixed storage.

Sensible heat storage media may be classified according to the basis of the
heat storage media as liquid, solid and dual media. An example of liquid media storage
is water, being inexpensive and widely available. For the storage of hot water; steel,
concrete, fiberglass, fiberglass reinforced plastic, or vinyl lined wooden tanks may be
employed. If the tank is cylindrical, vertical mounting is generally preferred when

comparing to the horizontal due to the requirement of the latter that is has to be
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resistant beam bending or buckling. Fiberglass or fiberglass reinforced plastic tanks
have the major advantage that they are corrosion resistance.

Since sensible heat storage media may be classified on the basis of the heat
storage media as liquid, solid, and dual media, the thermophysical properties of
selected liquid for sensible heat storage, liquids, which are plentiful and economically

competitive, are shown in Table 1

Table 1 Liquid media for sensible heat storage [11]

X . Heat
Temperature Density  Heat Capacity o
Medium Type ; 5 Conductivity
range ( C) (kg/m?) (kg K)

(W/m’k)

" Water - " 0to 100 1000 4190 0.63 at 38 °C
Caloria HT 43~ oil -10t0 315 - 2300 a
Dowtherm A oil 12 to 260 867 2200 0.112 at 260 °C
Therminol55 ~oil : -18to 315 - 2400

" TherminolG6 oil 910343 750 2100 0.106 at 343 °C

" Hitec Moltensalt 14110 540 1680 1560 0.61

" Draw Salt Molten salt 1220 to 540 1733 1550 0.57
Ethanol Orgarnic liquid Upto 78 790 2400 -

I
{5 . "‘1 ’ 4 o o
Collector 7 7P Load T,

Mixed Liguid

Slorage Tank | T, _

L
7 <

= T ﬁ Thermal Losses = (UA)(T,-T)
)W

Figure 8 Essentials of mixed liquid storage systems. [13]
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Assuming that the storage tank has a uniform temperature Ts, energy

balance on a storage tank can then be expressed as:

(McC, S% =Qc—Q— (WA(Ts — Tp) (49)

Where: M is the mass of media in storage tank, kg

Q. is the rate of heat addition by the collector, I/s

Q; is the rate of heat removal by the load, I/s

U s the overall heat transfer collection between media in the
tank, W m’K

T, is the ambient at temperature, K and

. 2
A is the surface area of the storage tank, m”.

For a reasonable time period At, the rates of heat additional and removal
are assumed to be constant, and then Equation (50) can be written for each time

interval as

At

W)_ [Qc o QL P (UA)S(TS,OM 'R Ta)] (50)
P/

Tsnew = Tso1at

Equation 50 can be used to estimate the hourly storage water temperature,
provided that houtly heat addition and heat withdrawal are known. Tn the case of solar
thermal energy, it is used for charging the storage. This method gives successful
results when one hour intervals are taken.

Thermal storage tank without heat exchanger

This type, the liquid flows directly in and out of storage, the solar collector
inlet temperature, Ty is as same as temperature in the storage Ts, and the energy rate is

given as
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Qc = ACFR[(TQ)GT(t)e - (UA)S(TS - Ta)] (51)

Where Fr is heat removal factor,
A, is area of collector, m’

Ta is transmissivity and absorptivity respectively

Tt is assumed that there is no drop in temperature of the fluid between the
collector and the tank.

The rate of heat addition Q. by the collector can be written as
@ =(0nCp) (Teo — Ts) (52)

Where 1 is the flow rate in kg/s, and C, is the specific heat of HTF
flowing through the collector. In writing the equation 52, it is assumed that there is no
temperature drop of the fluid between the collector and the tank.

Similarly, the rate of heat removal by the load (), can be written as:
Q, = (1hGp), (T, — Ty (53)

Where ni;, is the flow rate of load stream and it is again assumed that there
is no temperature drop between the tank and the load.

Cold Thermal Energy Storage [14]

Cold thermal energy storage (CTES) is the storage of cool energy
produced during sunshine hours in a cool thermal storage tank, either in a sensible heat
form or in a latent heat form is yet another option for storing the energy. CTES has
recently increasingly attracted interest in industrial refrigeration applications, such as
process cooling, food preservation and building air conditioning systems. CTES
appears to be one of the most appropriate methods to correct the mismatch that occurs
between the supply and the demand of energy. Cool energy storage requires a better
insulation tank, as the energy available in the cool state is expensive, comparing to the

heat available in a hot storage tank.
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Sensible heat chilled water storage systems have pointed out that the
percent cold recoverable in a discharge cycle increases with an increase in the initial
temperature difference, aspect ratio and flow rate. It is indicated that partial
discharging in one discharge cycle involves in a relatively longer residence time of
cool water in storage, leading to a significant decrease in thermal efficiency, as the
temperature of the chilled water in the tank increases because of the heat conduction
through the walls, Hence, for any practical requirements, the storage system should be
designed with several tanks so that it is based on the cooling requirement, and the
required number of tanks can be charged and discharged.

[15] Cool storage technology is an effective means of shifting peak
electrical loads. It is considered as a part of the strategy for energy management in
buildings. There are three principal types of cool storage system that are being
developed, chilled water storage, ice storage and eutectic salt.

Chilled water storage system requires the largest storage tanks. However,
it is compatible with existing chiller systems. A tank is charged with water at 4-6 °C
during the charging mode. During the discharging mode, chilled water is supplied
fiom the bottom of the tank and is then returned to the top of the tank. The sensible
heat capacity of water to store cooling capacity is used by chilled-water CTES
systems.

The net rate of energy transfer to or from the storage tank due to water
flow through the inlet and outlet is considered to be instantaneous capacity. For

charging and discharging, instantaneous capacity may be described as,
Q = JI'LC.U (Th - TI) (54’)

Where 11, T, and T, all could be the function of time. During charging
period, T}, depends on the temperature distribution in the tank at the start of charging
and T is determined by the chiller outlet temperature. During discharging, T}, depends
on the temperature distribution in the tank at the start of discharging and Tj, is
determined by the cooling coils outlet water temperature. Integrated capacity is the
total energy flow to or from the storage due to water flow through the tank during

some period of time. It can be mathematically expressed as
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tr

0= qu (55)
0

Substituting Equation 55 and noting that mass flow rate can be determined

at either the inlet or outlet port by 1 = pAV gives:
tr

A= f pe, (I — TAVL (56)
0

where AV is the volume flow rate through the storage. Now, the

incremental volume  flow, dv , in any time increment df can be written as:
dv = AVdt (57)
Hence equation 57 can be rewritten as:

vy
Q:jmﬂﬂ—ﬂﬁv 58)
0

where vy is the total flow volume during the period of interest.

Storage efficiency is defined as the ratio of the cooling effect that is
removed from the storage during a single and complete discharge cycle to the cooling
effect deposited during the immediately preceding complete charge cycle [16]. It can

be expressed as:

rm=% (59)
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Solar Collector

Solar energy collectors are the special kind of heat exchangers that transform
solar radiation energy to internal energy of the transport medium. [17] The solar
collector is the major component of any solar system. Using this device, the incoming
solar radiation is absorbed, converted into heat, and transferred into a fluid (usually
air, water, or oil) flowing through the collector. The solar energy that is being
collected is then carried from the circulating fluid either directly to the hot water or
space conditioning equipment or to a thermal energy storage tank, from which it can
be drawn to be used at nights or on cloudy days. Basically, there are two types of solar
collectors. [18]

1. Non-concentrating or stationary collector: The area for the interception
and absorption of the solar radiation are shared on the same space, whereas a sun-
tracking concentrating solar collector usually has concave reflecting surfaces to
intercept and focus the sun’s beam radiation to a smaller receiving area, thereby it
causes an increase the radiation flux, such as Flat plate collector, Stationary compound
parabolic collectors, and Evacuated tube collector.

2. Concentrating collector: it is suitable for high-temperature applications.
Solar collectors can also be distinguished by the type of heat transfer liquid used
(water, non-freezing liquid, air, or heat transfer oil) and that whether they are covered

or uncovered, such as parabolic trough, power tower, central receiver concentrator.

Vacuumstight stamlesssteclid

Sugertrznspirent glass Lubd
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absorber piate

Celter

Class bottom

Figure 9 Evacuated tube collector
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Evacuated Tube Collectors

The conventional simple flat plate solar collectors were developed to be used
in sunny, warm climates. Those advantages, however, are greatly reduced when
conditions become unfavorable during the cold, cloudy, and windy days. Furthermore,
weathering influences such as condensation and moisture, have caused early
deterioration of internal materials, resulting in a reduced performance and system
failure. Evacuated heat pipe solar collectors (tubes) differently operate from the other
collectors available on the market. These solar collectors consist of a heat pipe inside a
vacuum-sealed tube, in an actual installation; many tubes are connected to the same

manifold. [17]

Evacuated lube P
/ -2

, Absorber plata | o
Heal pipa evaporalor ":f\ r

Cross-seclional datail

Figure 10 Schematic diagram of an evacuated tube collector [18]

Evacuated tube collectors (ETCs) have demonstrated that the combination of
a selective surface and an effective convection suppressor has greatly resulted in a
good performance at high temperatures. The vacuum envelope reduces convection and
conduction losses, so the collectors can be operated at higher temperatures than flat-
plate collectors. Like flat-plate collectors, they collect both direct and diffuse
radiation. However, they have higher efficiency at the low incidence angles. This
effect tends to be advantageous for evacuated tube collectors rather than flat-plate

collectors in terms of daylong performance.
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Evacuated tube collectors use liquid-vapor phase change materials to transfer
heat at high efficiency. These collectors feature a heat pipe (a highly efficient thermal
conductor) placed inside a vacuum-sealed tube. The pipe, which is a sealed copper
pipe, is then attached to a black copper fin that fills the tube (absorber plate).
Protruding from the top of each tube is a metal tip attached to the sealed pipe
(condenser). The heat pipe contains a small amount of fluid (e.g., methanol) that
undergoes an evaporatix.lg-condensing cycle. In this cycle, solar heat evaporates the
liquid and the vapor travels to the heat sink region, where it condenses and releases its
latent heat. The condensed fluid returns to the solar collector and the process is
repeated. Water or glycol flows through the manifold and picks up the heat from the
tubes. The heated liquid circulates through another heat exchanger and gives off its
heat to a process or water stored in a solar storage tank. Another possibility is to use
the ETC connected directly to a hot water storage tank.

Due to the fact that it is impossible for the evaporation or condensation above
the phase-change temperature to happen, the heat pipe offers inherent protection from
freezing and overheating. This self-limiting temperature control is a unique feature of
the evacuated heat pipe collector.

Within steady-state conditions, the useful heat delivered by a solar collector
equals to the energy absorbed by the heat transfer fluid minus the direct or indirect
heat losses from the surface to the surroundings. The useful energy collected from a

collector can be obtained from the following formula:
Qu = ASC[GTTa = Uy (T T)] = me(To =) (60)

If a suitable correction factor is included, equation 49 can be modified by
substituting inlet fluid temperature (T;) for the average plate temperature (Tp). The

result from the equation is as followed

Qy = AscFr [Gr(ta) — UL(TE -~ Tg il (61)
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where Fr is collector heat removal factor

U, is heat loss coefficient

It is defined that the solar collector efficiency is the ratio of the useful heat
gained over any time period to the incident solar radiation over the same period. The
instantaneous energy efficiency of the solar collector can also be expressed in the form
of the average Bliss coefficient (Fp(ta)=0.80) and the heat loss coefficient
((FrUy=1.5), [4] as shown in equation 51

FprUT; —F
Qu :FR(ICI)— R L(z a) (62)

/ Asc GT GT

Heat Exchanger [19]

Heat exchangers are used to transfer heat between two or more streams of
fluid that flow through the apparatus. A major characteristic of heat exchanger design
is the relative flow configuration, which is the set of geometric relationships between
the streams. It must be emphasized that the configurations described represent the
ideal: it is never possible, in practice, to make the flow patterns conform to the ideal.

Counter flow: In a counter-flow heat exchanger, the two fluids flow parallel
to each other in the opposite directions. In Figure 11, a configuration schematically is
represented, by showing a single smaller-diameter tube coaxially placed within a tube
of larger diameter. The two fluids respectively flow within the inner tube and through
the annular space that separates the two tubes. In practice, a large number of tubes can
be inserted within a single surrounding tube, of much larger diameter, known as the
shell. Here the symbol 7' is used for temperatuie; subscript 1 denotes the first stream,
and subscript 2 the second stream; the subscript .in. denotes the entry conditions,
whereas ouf. Denote the leaving condition.

Counter-flow exchangers are the most effective. Due to the fact that they
make the best use of the available temperature difference, and they can obtain the

highest change of temperature of each fluid. This remark is further described below.
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Figure 11 Schematic representation of a counter-flow heat exchanger [19]

Plate Heat Exchanger

The plate heat exchangers (PHESs) are compact and efficient, and are widely
used in a large number of industrial applications. Their types, structures and scopes of
application are still going through more developments. The core components of the
PHE are plates, which not only facilitate heat transfer between the cold and hot fluids,
but also bear the pressure difference on both sides. Many kinds of corrugated plates
and fluid flow channels between the plates have been studied in pursuit of high
efficiency with small flow resistance, high heat transfer and large bearing pressure
capacity. [20]

Normally, the main parameters in an evaluation of the performance of
cortugated PHEs are the efficiency of heat transfer, flow resistance, and the pressure
capacity.

A number of characteristics attractive among these are as followed: [21]

1. Superior thermal performance.

Plate heat exchangers are capable of nominal approach temperatures of
5 °C, comparing to a nominal 10°C for shell and tube units. In addition, overall heat
transfer coefficients (U) for plate type exchangers are three to four times of those of
shell and tube units.

2. Availability of a wide variety of corrosion resistant alloys.

Since the heat transfer area is constructed from thin plates, stainless steel
and any other high alloy construction costs significantly less than for a shell and tube
exchanger of similar material.

3. Ease of maintenance.

The construction of the heat exchanger is such that, upon disassemblage,
all heat transfer areas are available for inspection and cleaning. Disassemblage

consists only of loosening a small number of tie bolts.



4, Expandability and multiplex capability.

The nature of the plate heat exchanger construction permits expansion of
the unit should heat transfer requirements increase after installation. In addition, two
or more heat exchangers can be housed in a single frame, in order to reduce space
requirements and capital costs.

5. Compact design.

The superior thermal performance of the plate heat exchanger and the
space efficient design of the plate arrangement have resulted in a very compact piece
of equipment. Space requirements for the plate heat exchanger generally run from
10% to 50% that of a shell and tube unit for equivalent duty. In addition, tube cleaning
and replacing clearances are eliminated.

In Figure 12, an introduction to the terminology of the plate heat
exchanger is presented. Plate heat exchanger that is used in this section refers to the
gasket plate and frame variety of heat exchanger. Other types of plate heat exchangers
are available. However, among these, only the brazed plate heat exchanger has been

found applicable in geothermal systems.

Canneclions

Carrying bar

i3 / ~ Tightening bo't
Pressure plate

" Fieed frame

! ; o : ' End plate
R - wih & holes
| Channsl plale
¥ with 4 helas
Wi @
aFJ ~
4 End plata with

P all 4 porls bind

Figure 12 The plate heat exchanger [20]
As it is shown in Figure 12, the plate heat exchanger is basically a series of

individual plates pressed between two heavy end covers. The entire assembly is held

together by the tie bolts. Individual plates are hung from the top carrying bar and are
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guided by the bottom-carrying bar. For single-pass circuiting, hot and cold side fluid
connections are usually Jocated on the fixed end cover. Multi-pass circuiting has a

result in fluid connections on both fixed and moveable end covers.

Figure 13 Nature of fluid flow through the plate heat exchanger [20]

Figure 13 illustrates the nature of fluid flow through the plate heat
exchanger. The primary and secondary fluids flow in opposite directions on either side
of the plates. Water flow and circuit are controlled by the plate gaskets placement. By
having various positions of the gasket, water can be channeled over a plate or past it.
Gaskets are installed in such a way that a gasket failure cannot result in a mixing of
the fluids. In addition, the outer circumference of all gaskets is exposed to the
atmosphere. As a result, if a leak ever occurs, a visual indication is sufficiently
provided.

Since heat exchangers are used in many applications in various industries,
the improvement of the performance of heat exchangers plays an important role in the
efficient energy utilization. Heat exchanger design and analysis can be commonly
conducted by the LMTD (logarithmic mean temperature difference) [22, 23] method
or the effectiveness—number of transfer units method. For the LMTD method, heat

transfer equation can be written as followed:



36

Q = UNplateApFATlm (63)
where:  Q is heat transfer
U is overall heat transfer coefficient

Npiate is number of plate that contact with two fluid inside
PHE except the cover plates.

A, is surface area for heat transfer

F is the factor that used to solve log mean temperature
difference ATy, islog mean temperature

difference

The log mean temperature difference is calculated with the use of the
difference between the entering and leaving temperatures of the two fluids, according

to the following equation

ATl _ATZ

—_— 64
Im(ATy JAT,) 64

ATl.m o

The thermal model of ideal countercurrent flow exchanger is shown.

The efficiency of the PHE is never greater than one of the ideal countercurrent flow
cases. Hence, if g,. < ™ is verified, it is unnecessary (o solve the thermal model of
the PHE since &, represents a rigorous upper bound for e and thus the constraint is not

satisfied. [24]

1 — g~ NTU.(1-C")
~NTU + 1 Je= =)
_ U= D Aptace (66)
min(W,, . Cpp, W Cp,)
[ W .C }W-C
o = min(Wy, . Cpy, W,. Cp,) (67)

— max(W,, .Cpp, We. Cp,)

Where N is number of channels
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The overall heat transfer coefficient can be selected from Figure 14. For a
good quality of geothermal fluid in applications, where competent operating personnel
maintain the system, there is no reason to specify fouling factors that are any higher
than 0.00015. In fact, some designers use no fouling allowances. For systems that are

less carefully maintained, a value of 0.0002 may be used.
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Figure 14 Performance of plate heat exchangers [20]

Literature Review

Huang, BJ., et al. [25] In the present study, the A 1-D analysis for the
prediction of cjector performance at critical-mode operation is carried out. It is
assumed that the constant-pressure mixing occurs inside the constant-area section of
the ejector and the entrained flow at choking condition is analyzed. An experiment
using 11 ejectors and R141b as the working fluid to verify the analytical results is also

taken place. To determine the coefficients, the test results are used, 77, s ¢p, and ¢y

defined in the 1-D model by matching the test data with the analytical results. It is
shown that the 1-D analysis, with the use of the empirical coefficients, can predict the
performance of the ejectors accurately. A new concept, such as a constant pressure
ejector in which mixing of the primary and secondary flows occur with the constant
area section, it also introduced. The prediction of the ejector performance at critical
mode operation is accomplished with the use of the one-dimensional ejector flow
model. They also conducted experiments using the ejectors in different dimensions

and R141b as the working fluid to compare the analytical results with-experimental
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results. The authors concluded that the one-dimensional model, using empirical
coefficients taking into the losses in the ejector account, could accurately predict the
performance of the ejectors.

Huang, BJ. and Chang, JM. [26] show the two empirical correlations from the
test results of 15 ejectors that are derived for the performance prediction of ejectors
with the use of R141b as the working fluid. To correlate the performance of the
ejector, the ratio of the hypothetical throat area of the entrained flow to the nozzle
throat area A,/A., the geometric design parameter of the ejector A3/Ag, and the
pressure ratios Pg/ P, and P! /P, are used. It is predicted that the enfrainment ratio v
using the correlations is within & 10% error. A method of calculation for the ejector
design using the correlations is also developed. R141b is shown in the present study to
be an effective working fluid for an ejector. The measured v for the ejectors used in
the present study can reach as high as 0.54 at Py = 0.465 MPa (84°C), F;'= 0.087 MPa
(28°C) and P, = 0.040 MPa (8°C). For P = 0.538 MPa (90°C), Pc* = 0.101 MPa
(32°C) and P, = 0.040 MPa (8°C), w reaches 0.45

Yapicy, R., et al. [27] has studied the performance of the ejector refrigeration
system using ejectors with eylindrical mixing chamber at operating conditions with
choking in the mixing chamber. The reason for choosing the condenser pressure is that
the secondary flow choking can occur even in the gjector with the smallest area ratio.
In the present study, the performance of the constructed system is determined by using
six configurations of ejector and R-123 as working fluid in the system. The study is
performed over a range of the ejector area ratio from 6.5 to 11.5 at the compression
ratio 2.47. In the mentioned range, the experimental coefficient of performance of the
system rises from 0.29 to 0.41, as the optimum generator temperature increases from
83 to 103 °C. In the parametric study, similar experimental results was also found
when the efficiencies of the nozzle and diffuser are taken as 0.90.

Selvaraju, A. and Mani, A. [28]. It is found that vapor ejector refrigeration
system yields better performance when the ejector operates at choking-mode. To carry
out a study on performance of the system, a computer-code based on existing one
dimensional ejector theory has been developed. When operating conditions are
changed, the critical performance parameters of the system are changed to different

critical values. Effects of change in a specific heat of the working fluid and friction at
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the constant-area mixing chamber besides internal irreversibility of the ejector are
included in the code. The simulated performance results are to be compared with the
available experimental data from the literature for validation. The effects of
operational parameters and ejector configurations of the system on critical
performance are studied. Moreover, the comparison of performance of the system with
environment friendly refrigerants, R134a, R152a, R290, R600a and R717 is made.

Guo, J. and Shen, H.G. [29] used a lumped method combined with dynamic
model as a proposal for the use in the investigation of the performance and solar
fraction of a solar-driven ejector refrigeration system (SERS) using R134a, for office
air conditioning application for buildings in Shanghai, China. Classical hourly
outdoors temperature and solar radiation model were used to provide basic data for the
accurate system performance analysis. The results indicate that during the office
working-time (from 9:00 to 17:00), the average COP and the average solar fraction of
the system were 0.48 and 0.82, respectively, when the operating conditions were:
generator temperature (85 °C), evaporator temperature (8 °C) and condenser
temperature varying with ambient temperature. This is to be compared with traditional
compressor based air conditioner; the system can save up to 80% electric energy when
providing the same cooling capacity for office buildings. Hence, the system provides a
good energy conservation method for office buildings.

Wimolsiri Pridasawas and Per Lundqvist [30] speak about the performance of
the solar-driven ejector refrigeration system with iso-butane (R600a) as the refrigerant
in their study. The effects that both the operating conditions and the solar collector
types have on the system’s performance are also examined by dynamic simulation. To
model and analyze the performance of a solar-driven ejector refrigeration system, the
TRNSYS and EES simulation tools are used. The whole system is modelled under the
TRNSYS environment, but the model of the ejector refrigeration subsystem is
developed in the Engineering Equations Solver (EES) program. 75% of a solar
fraction is obtained when using the evacuated tube solar collector. The system requires
relatively high generator temperature in the very hot environment, thus a flat plate
solar collector is not economically competitive because of the high amount of
auxiliary heat that are needed in order to boost up the generator temperature. The

results from the simulation indicate that an efficient ejector system can only work in a
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region with decent solar radiation and in a place with a sufficiently low condenser
temperature. The average yearly system thermal ratio (STR) is about 0.22, the COP of
the cooling subsystem is about 0.48, and the solar collector efficiency is about 0.47 at
T 15 °C, T. 5 °C above the ambient temperature, evacuated collector area 50 m? and
hot storage tank volume 2 m’.

Aphornratana, S. and Eams, I. W. [31] conduct an experimental study of a
steam-ejector refrigerator using an ejector with a primary nozzle that could be axially
moved within the mixing chamber section. They studied the effects on coefficient of
performance and cooling capacity that is produced by adjusting the position of the
nozzle as well. The experimental rig and method are described and results show that
there is a clear benefit of using such a primary nozzle.

Alexis, GK. and Katsanis, JS. [32] discuss about the behavior of methanol
through an ejector operating in a refrigeration system with a medium temperature
thermal source. A method has been developed for detailed calculation of the proposed
system, which employs analytical functions describing the thermodynamic properties
of methanol. The proposed cycle has been compared with a Carnot cycle working at
the same temperature levels. They have discussed the influences of three major
parameters, generator, condenser and evaporator temperatures, on cjector efficiency
and coefficient of performance as well. In addition, the maximum value of COP was
estimated by the correlation of the above three temperatures for constant superheated
temperature 150 °C, and it was 0.139-0.467. The generator temperature 117.7-
132.5 °C, condenser temperature 42-50 °C and evaporator temperature —10 =5 °C
were all the designed conditions.

Yinhai, Zhu and Yanzhong, Li [33] proposed a novel ejector model for the
performance evaluation on ejectors with both dry and wet vapor working fluids at
critical operating mode. In order to approach the real velocity distribution inside the
ejecto, a simple linear function is defined. By integrating the velocity function at the
inlet section of the mixing chamber, the mass flow rates of the primary flow and
secondary flow are derived. By considering the flow characteristics of the critical
mode-operating ejector, the developed model contains only one energy conservation
equation and is independent from the flow in the mixing chamber and the diffuser.

In order to verify the effectiveness of the new model, the experimental data from
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different ejector geometries and various operation conditions reported earlier are used.
It has been found that the model has a good performance in the prediction of the mass
flow rates and the entrainment ratio for both dry and wet vapor ejectors.

Da-Wen Sun [34] composes an analysis on the effect of ejector geometries on
performance. For a 5 kW steam-jet refrigerator, technical data including flow rates,
entrainment ratio and ejector geometry are provided. These data can be served as
guides in designing ejector-cycle refrigerators with other cooling capacities.

Da-Wen Sun [35] According to the results, it is shown that this program can
predict the performance of an ejector refrigeration system and provide optimum
ejector design data for the system. The program can be used to compare the
performance of various refrigerants that are being used in an ejector refrigeration
system. Eleven refiigerants were tested using the program in the current study. These
refrigerants include water (R718), halocarbon compounds, for instance, CFCs (R11,
R12, R113), HCFCs (R21, R123, R142b) and HFCs (R134a, R152a), a cyclic organic
compound (RC318), and an azeotrope (R500). According to the result, a steam jet
refrigeration cycle has the lowest COP value. For CFCs, R12 gives better
performance; for HCFCs, R142b gives high COP value; the HFC refrigerants tested
have comparative performance, with R152a giving the best performance among all the
other refrigerants. Using HFC refrigerants, which cause no ozone depletion, also
produces extra environmental benefits. The system that uses azeotrope R500 as
refrigerant also performs well. This pattern of performance variation for various
refrigerants is mostly independent from the system operating conditions. An ejector
refrigeration cycle using a refrigerant with large latent heat can make the full use of
the ejector performance characteristics. A steam jet system is prone to be suitable for
experimental studies, since small steam jet refrigeration units require comparatively
large ejectors that are easier to be manufactured.

Huang, BI., et al. [36] developed a high-performance solar ejector cooling
system using R141b as the working fluid. It was experimentally obtained a COP of 0.5
for a single-stage ejector cooling system at a generating temperature of 90°C,
condensing temperature of 28°C, and an evaporating temperature 8°C. For solar

cooling application, an optimum overall COP can be obtained at around 0.22 at a
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generating temperature of 95°C, evaporating temperature of 8°C and solar radiation at
700 W/m’.

Huang, BJ., et al. [37] study the performance of a solar ejector cooling system
that is simulated using three different collectors: a conventional flat plate collector, a
high efficiency flat plate collector and a vacuum-fube collector. It is shown that with
the appropriate selection of the generating temperature, an optimum COP can be easily
achieved. The solar ejector cooling system using the single-glazed solar collector with
selective surface and an enhanced air insulating layer can be the most economical
when it is operated at the optimum generating temperature of the ejector cooling
machine. In this case, the solar system cost is around 1 USD per watt for the cooling
capacity for air conditioning applications.

[atra Boumaraf and André Lallemand [38] describe a whole simulation
program that is nseful for the evaluation of the performance and the characteristics of
the operating cycle of an ejector refrigerating system with the working fluids R142b
and R600a. The cycle is determined by using the temperatures of the three thermal
sources and local heat transfer coefficients for the boiler, the condenser and the
evaporator. Moreover, a correlation of the ejector entrainment ratio established in
different operating conditions at eritical point from the conservation equations of the
1-D model available in the literature included in the simulation program. Earlier, all
the components of the system were dimensioned for a refrigerating power of 10 kW,
the hot source temperature is equivalent to 120 and 130 °C, whereas those of the
intermediate and the cold sources are fixed at 35 and 10 °C, respectively
(dimensioning conditions). Then, the system performance is investigated in
dimensioning conditions and in off-dimensioning conditions using the simulation
program. Particularly, according to the analysis of the results, it is shown that at fixed
cold source temperature, the intermediate temperature corresponding to the critical
mode with (P. <= PJ), the system COP tends to decrease when the hot source
temperature is higher than that of its dimensioning. Consequently, it is suggested that
dimension the system components is at the highest possible temperature in order to
affirm the better performance in the case of an operating at lower temperature of the
hot source. Also, it is noted that R142b tends to give a better performance of the

system in all cases. This is because the R142b is a heavier fluid than R600a.
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Alexis, GK. and Karayiannis, EK. [39] describe the performance of an ejector
cooling system driven by solar energy and R134a as working fluid. The system
operating in a correlation with the intermediate temperature of solar collector in
Athens, in the present solar ejector cooling system with R134a as working fluid is
presented and is analyzed. During the 2Ist day of 5 months (May—September) in
Athens, the solar ejector cooling system can be operated with coefficient of the
performance of 0.011 — 0.101 and the solar collector efficiency can be varied from
0.319 to 0.507 for generator temperature (82-92°C), condenser temperature
(32 — 40°C) and evaporator temperature (-10 — 0°C). The maximum COPs is obtained
on July (T, F92°C LM77 32°Qllle= 0°C) and the minimum on May (Tg= 82°C,
T, = 40°C, T. = -10°C). The coefficient of performance may be relatively low but the
solar energy is available in Athens. Also, this study showed that the COP of ejector
cooling system is an exponential function of generator, condenser and evaporator
temperature.

Rafet Yapier [40] study a novel ejector that was designed based on a constant
area ejector model and manufactured in order to investigate the performance of an
gjector refrigeration system in a wider operating range. The ejector, with movable
primary nozzle, was mounted on the system that was previously constructed for low-
pressure refrigerants. The modified refrigeration system has been tested using hot
water as driving fluid and R123 as working fluid. The effects of the operating
temperatures on the cooling capacity and performance coefficient of the system were
experimentally investigated when the primary nozzle position at its optimum at the
ejector area ratio of 9.97. As a result, a performance coefficient of 0.39 was obtained
at the vapor generator temperature 98 °C, the evaporator temperature 10 °C and
critical condenser pressure 129 kPa.

Hisham El-Dessouky, et al. [41] conduct a study on semi-empirical models
that are developed for design and rating of steam jet ejectors. The model gives the
entrainment ratio as a function of the expansion ratio and the pressures of the entrained
vapor, motive steam and compressed vapor. Also, correlations are developed for the
motive steam pressure at the nozzle exit as a function of the evaporator and condenser
pressures and the area ratios as a function of the entrainment ratio and the stream

pressures. This allows the full design of the ejector, where defining the ejector load
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and the pressures of the motive steam, evaporator and condenser gives the entrainment
ratio, the motive steam pressure at the nozzle outlet and the cross section areas of the
diffuser and the nozzle. The developed correlations are based mainly on large database
that manufacturer design data and experimental data are all included. The model
includes correlations for the choked flow with compression ratios above 1.8.
In addition, a correlation is provided for the non-choked flow with compression ratios
below 1.8. The values of the coefficient of determination (RZ) are 0.85 and 0.78 for the
choked and non-choked flow correlations, respectively. As for the correlations for the
motive steam pressure at the nozzle outlet and the area ratios, they all have R? values
above 0.99.

Ouzzane, M. and Aidoun, Z. [42] The main purpose of the study was to
develop a mathematical model and computer programs for ejector studies in
refrigeration cycles. Version A of the program was written for optimal ejector design
while Version B, with more built-in flexibility, was intended for the simulation. The
study is a one-dimensional analysis of compressible refrigerant flow, based on a
forward matching technique of solution for the conservation equations. Refrigerant
properties were evaluated using NIST [NIST Standard Reference Database 23, NIST
Thermodynamics and Transport Properties of Refrigerants and Refrigerant Mixtures,
1998, REFPROP, Version 6.01] subroutines for equations of state solutions.
The approach assesses the flow locally and provides the flexibility of returning
upstream for cotrecting adjustments. Model validation against the R141b data of
Huang, et al. [Int. J. Refiig. 22 (1999) 354] has shown a very good agreement under
all conditions. An analysis with refrigerant R142b was performed for typical
refrigeration conditions. The entrainment ratio x, the compression ratio P¢/P> and
geometric parameters such as diameters and axial dimensions were used to assess
performance. Local distributions of pressure, temperature and Mach number were
obtained for typical conditions and the mixing chamber was found to greatly impact
operation and performance, by controlling the shock wave occurrence and intensity.

Yongprayun, S., et al. [43] study the Life Cycle Cost Analysis (LCCA) of
solar absorption cooling system at School of Renewable Energy Technology (SERT),
Naresuan University, Phitsanulok, Thailand, which is at a variety of chiller Coefficient

of Performance (COP) and Solar Fractions (SOLFe). The analysis used LCCA
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method base on assumption of the life time is 20 years, the operation period is 8 hour
per day, the maintenance cost is 1% of the overall capital cost, the energy consumption
consists of the auxiliary heat by LPG and the electricity and inflation rate is 3%.
The final result has shown the increasing of the COP effect on the energy cost when
the highest COP is 0.7, the lowest energy cost is 3.00 Baht per kWh.

From literature review, it is found that there was widespread use of the
ejector, Also, many researchers have developed an improved ejector performance.
The ejector can be used with the cooling system and it can increase system
performance, but not inclusive with energy storage system, and no ejector cooling

system to a residential. So the integration should be investigated for the improvement.
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CHAPTER I1I

RESEARCH METHODOLOGY

The methodology of this research is presented in this chapter.
The methodologies are the design of the system; the fabrication ejector and the setup
and testing of the solar thermal system; the evaluation of the performance of analytical
prototype; the economic analysis. For each of the methodology, details are to be

described as followed.

System Design

i
<

A\

Fabrication ejector,
setup and system

testing No

Figure 15 Flow chart of the dissertation methodology
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Experimental apparatus

The schematic diagram of the experimental apparatus is shown in Figure 16.
The systems consist of three main parts: solar system unit, ejector cooling unit, and
cooling load unit

Solar System Unit

A solar system unit is designed to supply heat to the generator as a major
source of energy for the ejector cooling system. Hot water is used in this research to
conduct the experiment for the system

1. Storage tank is used to store hot water to keep the generator constantly
supplied for the stability of the system. In this rescarch, the well-mixed thermal
storage.

2. Water pump is used in the system to deliver water from the storage tank
back to the evacuated tube solar collector for water heating. In this research, the
centrifugal pumps (Pedrollo: Model CPm 130) are used. The pump is driven by a 0.5
hp electric motor in order to supply the maximum the flow rate of 10-80 L/min and the

pressure of 6 bars.
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Figure 16 Schematic diagram of the system
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Ejector Cooling Unit
Ejector cooling unit is a component that delivers cool water to the cooling
load unit as a supplement to be used in air conditioning system. There are devices used
in the system as followed.
1. Ejector
Ejector is a device that is used to increase fluid pressure and send the high-
pressure fluid to the condenser to produce cooling power. After that, the ejector is used
to replace the compressor in vapor compression cooling unit.
2. Generator
Generator is a device that is used to generate the saturated vapor that is the
primary fluid needed for the ejector by using the heat exchange between hot water
from the storage tank and a working fluid. In this research, the plate heat exchanger
(Ranotech model BL 26/42) was used as a generator.
3. Condenser
Condenser is a device that is used to get a high-pressure steam from the
ejector and cool it in order to remove the superheat and the latent heat respectively, so
that the refrigerant will be condensed back into liquid form. In addition, the liquid is
normally slightly sub cooled. In almost all cases, the cooling medium is either air or
water, In this research, the plate heat exchanger (Ranotech model BL 26/24) was used
as a condenser.
4. Evaporator
Evaporator is a device with a purpose of receiving low-pressure, low
temperature fluid from the expansion valve in oxder to bring it to closely contact
thermal with the load. The refrigerant takes up its latent heat from the load and leaves
the evaporator as a dry gas. In this research, the plate heat exchanger (Ranotech model
BL 26/18) was used as an evaporator.
5. Receiver tank
Receiver tank is a device that is used to store the working fluid from the

condenser tank and to supply it to the evaporator tank to generate secondary fluid.
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6. Refrigeration pump
Refrigeration pump is a device that is used to transport a working fluid

from the condenser to exchange heat with hot water at a generator in order to produce
saturated vapor that is sent to the ejector. In this research, the Multi-stage centrifugal
pumps (Pedrollo: Model 4CRm 80) were used. The pump was driven by 0.85 hp
electric motor to supply maximum flow rate of 120 I/min and a pressure of 6 bars.

Cooling Load Unit

Cooling load unit that contains cold thermal storage and chilled water fan coil
unit which served to keep the cool water produced by the solar ejector refrigerated unit

and supply the cool air in any desired area.

Figure 18 Ejector



B

50

Figure 19 Plate heat exchangers that are being used as system components such

as generator, condenser and the evaporator

Figurc 21 Hot water and refrigeration pump
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Instruments

In this research, the parameters that will be used to collect data to analyze the
results are determined as followed.

Temperature: Thermocouples type K is used to detect the change in
temperature of the incrassated position as shown in figure 22.

Pressure: Using the pressure gauge to detect the pressure. At the generator,
condenser, thermal storage tank, cold thermal storage, the pressure used was all the
same at 0-6 bars, and using vacuum gauge at the evaporator that show in Figure 23.

Flow rate: The manual-balancing valve (Oventrop Hydrocontrol-R series) is
used to control the flow rate for primary motive, and secondary suction that show in
Figure 24,

Data logger: in this research used wisco model Al 210 and EX 210 expansion

module for temperature recording that show in Figure 25

A
<

vihge TR0 5
o
G ¥
Piessue googe ]
5 Thermocupis K iype E{
- |
LB Baancing vae e 0
) S=nner T |
X Thermrestats cogando yalve R &

5 Dol volve
3 weay vadoe

“«D

Senicavatia |

5K
g‘a So'sno'd valve
23]
(&)

Syt glass

Figure 22 Schematic diagram of experimental apparatus
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System Design

In this research, Matlab® Program was used to calculate the equation of
ejector refrigeration system. For the calculation, thermodynamics properties of R141b
[50] is used for database of program.

Although the refrigerant R141b used in the experiment although has good
performance, it still needs to be replaced with a low ODP working fluid. This requires

modification of the ejector design in order to maintain a high COP.

Table 2 R141b properties

Property Values
Chemical formula CCIL,F-CH;
7B0iling pbint at 1 atm (°C) 32.05
Specific heat ratio of vapor 405
Specific heat of R141b at 25 °C (kJ/kg-k) 1.16
Molecular Weight (kg/kmol) 116.95
Liquid density at 25 °C (kg/m®) 1234

The cjector calculation programing

The simulation of R141b ejector is mathematically applied.[36] The
assumptions for computer simulation program are as followed.

1. Efficiency of nozzle (0,) = 0.85

2. Efficiency of suction (1s) = 0.85

3. Efficiency of diffuser (ng) = 0.85

4. The temperature of generator (Tg) =84 °C

5. The temperature condenser (Tc) =28 °C

6 The temperature evaporator (Te) =8 °C



The calculation of the primary nozzle geometrics
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The calculation of the throat diameter of the secondary flow.
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Figure 27 Flow chart of the calculating throat diameter of the secondary flow



The calculation of the ejector dimension
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Figure 28 Flow chart of the calculation of the ejector dimension
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The calculation of the ejector performance.
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Thermal Energy Storage calculation.

Q. = (1 Cp)c(Tc.o ~T)

A4

Q. = (hC,), (T, = T.)

v

(Mc,

ar,
s dt

=Qc— Q, — (UA)(T5s — Ty)

Lomew, = Lewtd T

(M),

At
e [Qc S (UA)S(TS.DHI - Ta)]

Plate heat exchanger calculation.

Qy = 1ig(hy — hg)

Qe = tite(hy — hg)

Qe = 1 (hg — hg)

\/4

Q = UAAT yyrp

Figure 33 Flow chart of the generator condenser and

evaporator calculation

Solar collector calculation.

Qu = mCy(T, — T})

v

Qu = AselGrra — U (Tp — Tp)]

Figure 34 Flow chart of the solar collector calculation
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Experimental setup

The experimental practice of the R141b ejector refrigeration system uses the
operating condition and ejector geometry via the result of the simulation program.
The experiment was tested from 09.00 am to 16.00 pm at the School of Renewable
Energy Technology, Naresuan University, Thailand.

To start a test, the hot water should be generated from LPG water heater in
order to enhance the refrigerant temperature, and then it should be stored in the hot
water storage tank. After that, turn on the hot water pump for it to circulate to the
generator to exchange with R141b. Then, turn on the water pump by opening cooling
water valve to let water flow through the condenser. After the R141b is increased to
the set point, the vapor enters to the primary nozzle of the ejector by opening the
balancing valve manually when the R141b vapor reaches the temperature of 84°C
pressure at 4-5.5 bars. After the temperature of generator is steady, by opening
balancing valve, the secondary flow is entrained to ejector suction and mixed with the
primary flow at mixing chamber.

In order to continuously make the system operate, the refrigeration pump

should be turned on to feed the refrigerant from the receiver tank to the generator.

Economic analysis
The economics of solar energy systems arc particularly complex with many
inevitable uncertainties due to several factors. The principal reason to use the solar
energy for heating or cooling is the cost reduction. Therefore, an economic analysis
must be carried out to determine whether a patticular solar system is economically
advantageous for a particular project. [43]
In order to decide the acceptable project, economic analysis is set as Net
Present Value (NPV), Internal Rate of Return (IRR), and Payback Period (PB)
Net Present Value (NPV)
It is the difference between the present value of the future cash flows from an
investment and the amount of investment. Present value of the expected cash flows is
computed by discounting them at the required rate of return. A zero net present value

means the project repays the original investment, plus the required rate of return.
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A positive net present value means a better return, and a negative net present value

means a worse return. The formula of NPV is shown as followed

n Rt
NPV—':tZlm—IO (68)

Where R, is Net Revenue
Iy is Initial Investment
i 1is discount Rate
n is the total number of periods n

t is to the time periods

Internal Rate of Return (IRR)
The rate of return that would make the present value of future cash flows plus
the final market value of an investment or business opportunity equals to the current
“market price of the investment or opportunity. The internal rate of return is an
important calculation that is frequently used to determine whether a given investment
is worthwhile. An investment is generally considered worthwhile if the internal rate of
return is greater than the return of an average similar investment opportunity, or if it is

greater than the cost of capital of the opportunity.

I +Zl a M 69

: (1 +IRR)E (65)
=1

Where n s the total number of periods n

CF, is cash flow at time
I, is Initial Investment

IRR is internal rate of return

Payback Period (PB)
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Payback period, in capital budgeting, is the length of time needed to recoup
the cost of the capital investment. The payback period is the ratio between the initial
investment (cash outlay, regardless of the source of the cash) and the annual cash

inflows for the recovery period.

Cost of project
~ Annual cash revenues

(70)



CHAPTER 1V

RESULTS AND DISCUSSION

In his chapter, the results of the research are presented in three parts:
The system design, the system performance, and the economic analysis. The details in

each part are described as followed.

System design

Ejector gecometrics

Due to the designing of the R141b ejector to produce air conditioning with
3.5 kW spec using Matlab® to calculate the ejector geometrics, given that the generator
temperature is 84 °C, condenser temperature is 28 °C, the evaporator temperature is
8 °C, the generator pressure is 0.46 Mpa, the condenser pressure is 0.087 Mpa, and the
evaporator pressure is 0.040 Mpa [26], used the thermodynamic property of R141b in
caleulation, it is found that the nozzle throat diameter is 2 mm, the nozzle inlet
diameter is 7.75 mum, the nozzle exit diameter is 8§ mm, as shown in Figure 35. Table 3
shows detail of ejector geometry, mixing chamber inlet diameter is 25 mm, Constant
area diameter is 8 mm, Diffuser outlet diameter is 17.8 mm, Diffuser chamber length
is 56 mm. and other parts details are described in Table 3, and Figure 36 shows the

ejector drawing.

M16x1
)\f\.’\/\/\_l L —_—

ies) }: HER SN o I

B =g 5]

2l T ]
]_,Jrr_g_»_‘:—f-’——*r
257 6 34.29 B

65.99

Figure 35 Detail of primary nozzle geometrics
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Table 3 Design results of Ejector geometrics.

Parts Dimension (mm.)
Secondary Inlet
Inlet of the secondary flow 21
Secondary flow to the mixing chamber area 412.5 mm’

Mixing Section

" Mixing chamber inlet diameter 25
Mixing chamber outlet diameter 8

Mixing chamber lenéth 25

Mixing chamber angle 7 \ 37.6°

Constant Area Section

Constant area diameter 8
Constant area length 40

Diffuser Section

" Diffuser inlet diameter 8
" Diffuser outlet diameter 7 { 17.8 -
"Diffuser chamber length P i 56

Diffuser angle

A

Figure 36 Ejector geometrics
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Evacuated Tube solar collectors

In this research, it is given that the solar radiation is averagely 692.20 W/m?
that data from School of Renewable Energy Technology 23 to 26 December 2014, the
thermal energy demand for the air conditioning system is 3.5 kW, the collector heat
removal facter (Fprar) is 0.80, the heat loss coefficient (Up) is 1.5 W/m?® k [4], the
efficiency of evacuated Tube solar collector is 0.5, the inlet fluid temperature (7T;) is
80 °C. Accordingly. the area of solar collector can be obtained from the equation 62 as

show as below:

Qu FrU (T--—T(}
Nse = AT = [p(ta) = - LGTl -
(e @ _ 3,500 w
AN <o Gr—UEREIT26 w/m?
A, = 101Tm?

Storage system
1. Thermal storage
The calculation of the size of thermal storage tank, the storage temperature,
the collector temperature is 84 C. The energy demand for the air conditioning system
to continually be operated all day (Q,,), and the volume of water (V,) to run the

system can be caleulated from the following equation.
Eg = @y x t = 3,500 X6 X 3,600 = 75,600 kJ /day

The volume of water in the system can be calculated from the following

equation

E, 75,600

- . = 321.16 Liter
C X AT~ 4186x55 oo obiter

WV
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Then the storage tank size is 0.33 m?
For charging and discharging, instantaneous capacity of the thermal

storage tank may be described from equation 52 and 53 respectively.

Q¢ = (Tn.Cp)c(Tc,U - Ts)
Q.= (ﬂpr)L(Ts = T}

For the startup, the thermal storage is heated from the initial temperature to
reach 84 °C, having a completed the startup procedure, and with constancy, the first
charging experiment was commenced, as shown in Figure 37.

During the tests, the inlet temperature that is put to the storage tank was
manually increased to reach about 84 °C and then it was maintained at an almost

constant level of about 84 °C for most of the charging process.

100 1
) o jl'?uf\r"i\‘!;’xﬁr'% ;_-,‘-\.'_Fi-'\av.mf.» ST S %W;;Nﬁa\-._‘a
o 80 A -
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5o B
2 60 1 o
5 4
_.:3 ] fbf
S ]
2 40 L
3
20
0 T T T r T T I e T T T T T T T T T T TV N R T T v T T B r rrrrqrvped
o o o =) (= L= <= o o (= ) L < o <
= %! o ) o U = N (=) 53] (= g} < o (=]
(o2 =) < =] - — ol C} [52] [} =t =t s ) 0

Time

Figure 37 Experiment result temperature of water in thermal storage tank

2. Cold storage

In the calculation of the cold thermal storage tank, it is given that the room
temperature at the start is 30 C, the desired air conditioned room temperature is at 25
C. the difference in water inlet and outlet temperature is at 8 C Cp is 4,189 kg/s, and

the cold water flow rate can be calculated as followed
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Qw = 7hwcpcw (To - Ti)

Qw _ 3500
C,(Ty—T;) ~ 4189 %8

My =

my,, = 0.104 kg/s

The size of the storage tank can be obtained from the following equation

sl 07500
Cy(To=Tp) 4189 X6

My, =

1y = 0.104 x 6,300 = 2255.90 Kg/day

Hence, the size of the cold thermal storage tank is 2.3 m’

The cold water in the storage tank was produced by the evaporator, the
procedures were to remove the heat from the initial temperature to 8 °C, to have a
completed startup procedure, and with constancy, the first charging experiment was
commenced, as shown in Figure 38,

During the tests, the inlet temperature to the storage tank was manually
decreased o be at about 8 °C and then it was maintained at an almost constant level at

about 8 °C for most of the charging process.
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Figure 38 Experimental result temperature of water

in cold storage tank

Ejector performance
For the given ejector, the performance was based on the mathematical model
mentioned on 1-D model. With validation, the results were compared to the

experimental values. The result comparison are shown in Table 4

Table 4 Validation of the caleulated COP with experimental result.

Generator Evaporator COP

(°O) (°C_) Calculate Experimcntal- Lrror (%)
80 8 0.262 0.254 3.204
81 8 0.255 0.254 10.287
82 8 0.249 0255 2512

8 B, 0.241 0.256 -5.520

84 8 0.235 0.235 0.282

85 8 0.229 0.258 -11.009
86 8 0.223 0.238 -6.184

N 87 8 0.217 0.216 0.790
88 8 0.213 0.215 -0.822
89 8 0.207 0.194 6.759

- 90 8 0201 0.173 16.723

i i Average 0.182
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Table 4 shows the results of the calculating program and experiment by
various operating condition at generator temperature that were in a range of 80 °C to
90 °C and a fixed evaporator temperature of 8 °C. The system performance was shown
and compared the results to the experimental result. The deviation of COP has an average
of 0.182 %.

Table 5 showed the variation the design results, the generator temperature
(Tg) that has an operated range from 80 °C to 90 °C and a fixed evaporator
temperature at 8 °C, secondary fluid (iie), which has an effect to the mass flow rate of

primary fluid (11ig), entrainment ratio (w) and COP

Table 5 Variation of design results.

I - " ® corp
°C) °C) (ke/s) (lg/s)
80 8 0.005 0.0016 0.3245 0.2619
81 8 0.0051 0.0016 0.3168 0255
82 A%\ [/ Dobs3a ] [ \odpipf T P.30%s 0.2485
W [ 8 0.0054 T70.0016 03016 02415
T 8 0.0055  0.0016 0.2947 0.2354
T AN\ 778 ¢ 3, Doesd 0.0016 0.2877 0.2292
86 g 0.0058 0.0016 02809 02232
C 87 i\ 0.0059  0.0016 - 0.2743 0.2174
© 88 ™ e\ T 0.0016 0.2681 0.213
89 T8 00062 00016 0.2621 0.2067
90 T8 0.0064  0.0016 0.256 0.2014

Figure 39, it is found that the increasing generator temperature ranges from 80 °C
to 90 °C and fixed evaporator temperature is at 8 °C. The results showed that the
increase in generator temperature does not affect the improvement in COP of the
system. When generator temperaturc ranges from 80 °C to 90 °C, the ejector
refrigeration system has the COP at 0.2619 and 0.2104, respectively. This results show

that the generator temperature has an effect on COP system.
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Fiocure 39 Variation in the performance with the generator temperature
g g

Design tesult of the entrainment ratio when increasing the generator
temperature ranges from 80 °C to 90 °C and the evaporator temperature is at 8 °C the
results shows that the generator temperature affecting the entrainment ratio is similar
to COP. According to the use of computer program to predict the gjector performance,
it is found that the raising the generator temperature does not improve entrainment

ratio. That shows in Figure 40.
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Figure 40 Variation in entrainment ratio with generator temperature
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Figure 41 showed that at a constant evaporator temperature and a varied
generator temperature ranging from 80 °C to 90 °C, the mass flow rate of primary fluid
is increased from 0.0051 kg/s to 0.0064 kg/s, while mass flow rate of secondary fluid
is 0.0016 kg/s, since it leads to the reduction in the entrainment ratio and COP, In
addition to the high generator temperature that leads to a higher angle of expansion of
primary fluid from primary nozzle. It is found that with an increase in generator
temperature, the saturated vapor primary will spread and the obstructed secondary
fluid will be entrained to the mixing chamber section. With this reason, the
entrainment ratio and COP is decreased.

According to the results of the computer simulation program to predict the
performance of the ejector refrigeration system, the operating condition can obtain the
appropriate COP and can be a continuous experiment as temperature of generator for
generated saturated primary vapor is 84 °C, Although the lower temperature of 84 °C
can obtain a higher COP and the critical pressure is 0.464 MPa, at the lower generator
temperature, the system is operated at low critical pressure, which is difficult to

control the condenser pressure.
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Figure 41 Variation in mass flow rate with the generator temperature
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Table 6 showed the variation the experimental results, the generator

temperature (T,) operated ranging from 80 °C to 90 °C and the fixed evaporator

temperature is at 8 °C, which have an effect to the mass flow rate of primary fluid

(nig), secondary fluid (nie), entrainment ratio (®) and COP

Table 6 Variation of experimental results.

Tg Te
0} CcoPp
(°C) °C) (kg/s) (ke/s)
80 8 0.0233  0.0043 0.186 0.2538
Y 8 0.0233 0.0043 0.186  0.2543
82 8 00233  0.0043 0.186 02549
Y § 8 0.0233 0.004 0.1705 0.2343
Y 8 0.0233 0.0043 0.186 0.2561
N |5 8 0.0233 0.0043 0.186  0.2575
86 8 0.0233 0.004 0.1705 0.2379
B 17 8 0.0233 0.0036 0.155 0.2157
B " \B 70.0233  0.0036 0155 02148
T 89 R’ 0.0233 0.0033 01395  0.1936
90 (& 0.0233 0.0029 0.124 0.1726

Figure 42 the ejector performance by the calculation with the experimental

result when the generator temperature was ranged from 80 °C to 90 °C is compared. It

is found that, the result of the experiment, an increase in generator temperature will

cause the COP to decrease, as well as the result of design. The deviation of COP has

an average of 0.182 %.
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Figure 42 Comparison of the performance design result and experimental

result with the generator temperature

Figure 43 showed the comparison of the entrainment ratio design result and
experimental result with the generator temperature, at constant evaporator temperature
and various generator temperature ranges from 80 °C to 90 °C. When the generator
temperature increases, it resulted the entrainment ratio to be decreased as well, the

similar design and experiment.
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Figure 43 Comparison of the entrainment ratio design result and

experimental result with the generator temperaturc
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" Figure 44 showed the comparison primary fluid mass flow rate and
secondary fluid mass flow rate by calculate the result with experimental result and
various generator temperature range from 80 °C to 90 °C. For study affect solar ejector
cooling performance from secondary mass flow rate by fixed the primary mass flow
rate. That found mass flow rate of secondary fluid decrease when generator
temperature increase. As a result, COP decreased due to less secondary fluid into the

mix less.

Figure 44 Comparison of the mass flow rate design result and experimental result

with the generator temperature

The results of experimental practice.

The experimental practice of the ejector refrigeration system uses the
operating condition and the ejector geometry via the results of simulation program.
Ejector geometry is selected and shown by table 4 and the operating condition is
operated at 84 °C of the generator temperature and at 8 °C for the evaporator
temperature. The experiment was tested during 09.00 AM to 16.00 PM at Naresuan

University, Thailand.
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Figure 45 The relationship between COP and the generator temperature

The Figure 45 shows relationship between the COP, the generator
temperature plotted with time. The average COP obtained is 0.265 and the
refrigeration system performance yields the highest COP of 0.301 at 11.15 am, and
COP is reduced to be 0.277 at 16.00 pm. The figure 46 shows the result of the evaporator
temperature that decreases to 9.56 °C at 11:45 AM.

The change of COP can be explained as the change in the evaporator
temperature, COP is higher in the first period as there is a higher evaporator
temperature and COP decreases as there is a lower evaporator temperature at longer
time. Furthermore, the results show that the condenser temperature significantly

affects COP as well. That is, as condenser temperature decreases, COP increases.
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Figure 46 The relationship between COP and condenser temperature
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The Figure 47 shows the relationship among the temperature of the condenser
evaporator and cold water. The temperature of evaporator and cold water have similar
trend, when the system begins, the temperature is reduced from 28 °C to 9 °C and with
constancy, while the condenser temperature slightly increases in the afternoon
according to the temperature of higher ambient temperature. Corresponding with
Yapici, et al. [44], an increase in the condenser temperature causes the optimum area
ratio and COP to decrease when the energies of primary and secondary flows are kept
constant. Since the same amount of vapor cannot be compressed to a high condenser

pressure, mass flow ratio and, hence, COP will be decreased.
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Figure 47 The relationship between the COP and the evaporator femperature

Figure 48 shows the relationship between the COP, the primary fluid and the
secondary fluid mass flow rate, and the fixed primary fluid mass flow rate in order to
study of effects of the secondary mass flow rate. When the mass flow of the secondary
fluid is increased, it is found that the entrainment and COP are increased, but when
secondary fluid mass flow rate decreases, it leads to the reduction in the entrainment
and the COP due to the fact that an increase or a decrease in the mass flow of the
secondary fluid that is put to be mixed with the primary effect has a direct effect to the

efficiency of the system.
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Figure 48 The relationship between the performance and the mass flow rate

The Figure 49 shows the relationship among the temperature of condenser
evaporator and the chilled water. The temperature of evaporator and chilled water in
cold thermal storage tank have similar trend. When the system begins, the temperature
is reduced from 28 °C to 10 °C and with constancy, while the condenser temperature
slightly inereases in the afternoon according to the temperature of higher ambient
temperature. Corresponding with Yapici, et al. [44], an increase in the condenser
temperature causes the optimum area ratio and COP to decrease when the energies of
primary and secondary flows are kept constant. Since the same amount of vapor
cannot be compressed to high condenser pressure, mass flow ratio and, hence, COP

will be decreased.
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Figure 49 Temperature of condenser, evaporator and cold water in

storage tank
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Figure 50 shows the relationship of the COP, the condenser and the ambient
temperature plotted with time. The average COP obtained is 0.265 and the
refrigeration system performance yields the highest COP of 0.301 at 11.15 AM and
COP reduces to be 0.277 at 16.00 PM. The change in COP can be explained as the
change in the condenser temperature. COP is higher in the first period as there is a
higher condenser temperature and COP decreases as there is a lower condenser
temperature at longer time. This results is given as same as Pollerberg, C., et al. [45]
and Yen, et al. [46] Furthermore, the results show that the condenser temperature
significantly affects COP as well. That is, as condenser temperature decreases,
COP will increase, thus this results is similar to Petrenko, et al. [47] and Pollerberg,

C.,ctal. [45]
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Figure 50 The COP of ejector refrigeration system, ambient temperature and

condenser temperature at the various times

Economic Analysis

To evaluate the economics of the prototype and an assessment to determine
the economic value for the investment decision in solar cooling system. The economic
evaluation of the prototype consists of Payback Period (PB), Internal Rate of Return

(IRR), and Net Present Value (NPV) are analyzed.
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Table 7 shows the details of the costs that are actually incurred in establishing

a system of this research. It was found that the price of the most expensive plate heat

exchanger is up to 22%.

Table 7 The Capital cost structure of solar ejector cooling system

list Cost (Baht)
Ejector 15,000
Plate heat exchanger 35,096
Storage system 3,060
" Insulation 1,140
Pumping 13,398
?iping 31,638
. Cooling system 12,188
_F,jector 15,000
Plate heat exchanger 35,096
Storage system 3,060
Insulation 1,140
_Pumping 13,898
Piping ) 31,638
Cooling SySiCLﬁ 12,188
~ Auxiliary heater 5.785
Structure 2,576
" Instrument 15,725
Control 8,052
Reference (R141b) 4,000
Installation 10,000

Total 158,158
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Figure 51 shows the ratio of the equipment prices. It is found that the most
expensive plate heat exchanger was 22 %, Followed by the piping system, which is

accounted for 20%, and insulation accounted in the lowest prices at 1 %.

Refigerance. Instaliation
{R141b) | 6%

Control 2% | g I

Ejector
9%

Figure 51 the ratio of equipment prices

Variation is used to calculate the economics. Investment cost was 158,158
baht, maintenance cost of about 3 % of Tnvestment cost was 4,745 baht, savage value
5 % of Investment cost was 7,908 baht.[48] operation day was 300 days, the discount
rate was 8.75 %, [49] the electricity cost was 4 Baht, [48] and Electricity saving was

25,200 as it is shown in table 8

Table 8 The variables used to calculate the economics.

Variables Value
Investment Cost (Baht) 158,158
Maintenance cost 3 % of Investment cost (Baht) 4,745
Savage value 5 % of Investment cost (Baht) 7,908

Life time (year) 15




Table 8 (cont.)
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Variables Value
Operation time (hour/day) 6
Operation day (day/year ) 300
loaning interest rate 8.75 % 8.75
Electricity cost (Baht/kWh) 4
Electricity saving (Baht/kWh) 25,200

Table 9 shows the economic analysis results, payback period (PB), internal

rate of retune (JRR), Net present value (NPV)

Table 9 The result of solar cjector cooling system economic analysis

Year Variables Cost Electricity s
saving Calculation

0 Investment 158,158 -158,158
\\ Operation and maintenance 4,745 25,200 22,189
2 Operation and maintenance 4,745 25,200 19,537
3 Operation and maintenance 4,745 25,200 17,203
4 Operation and maintenance 4,745 25,200 15,147
5 Operélion and maintenance 4,745 25,200 13,337
6 Operation and maintenance 4,745 25._200_ 11,743
7 Operation and maintenance 4,745 25,2-00 10,340
8  Operation and maintenance 4,745 25,200 9,104
9  Operation and maintenance 4,745 25,200 8,016
10 Operation and maintenance 4,745 25,200 7,058




Table 9 (cont.)
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Year Variables Cost RS Timet
saving Calculation
11 Operation and maintenance 4,745 25,200 8215
12 Operation and maintenance 4,745 25,200 5,472
13 Operation and maintenance 4,745 25,200 4818
14 Operation and maintenance 4,745 25,200 4,243
15  Operation and maintenance 4,745 25,200 3.736
Summary 71,171 378,000 (0)
Total cost 158,158
“loaning interest rate 8.7%
Pajfback Period 178
IRR 13.57%
NPV 60,872.63

The economics analysis of solar ejector cooling system are invested in the

investment cost of 158,158 baht. When calculating, the payback period was 7.75 years

or 7 years and 9 months. The return value on a net present value (NPV) was 60,872.63

baht of lifetime of the system throughout a period of 15 years, and internal rate of

return (IRR) is 13.57%.



CHAPTER V

CONCLUSION AND RECOMMENDATION

Conclusion

In this study, the lumped method combining with dynamic model for
performance prediction of solar ejector refrigeration system to provide air conditioning
to residential sectors was investigated. The results from the mathematical simulation
have demonstrated that the solar ejector refrigeration system can be designed to meet
the cooling requitements of air conditioning for residential sectors. The following
conclusions are obtained:

1. For the studied case, the condenser temperature influences more on the
performance of the system than on the generator temperature.

2. From 9:00 to 16:00, on typical clear sky days, an average COP of the
system is 0.265, in most of the daytime it remains between 0,300 — 0.290, except at
16:00, when it drops as low as 0.277.

3. The system requires the evacuated tube solar collector with the size of 10
m?, the thermal storage tank with the volume capacity of 0.33 m”, and the cold thermal
storage tank with the volume capacity of 2.3 m?® in order for the air conditioning that
has 12000 Btu spec to work for 6 hours

4. For the studied case, the economics analysis showed that it is a worthy
investment. The Payback Period is in 7.73 years. The return value on a Net Present
Value (NPV) was 60,872.62 baht, Internal Rate of Return (IRR) is 13.57%.

The ejector is fabricated and equipped to the steam ejector refrigeration
system as it is driven by solar collector. The testing on the clear sky day; the evacuated
tube is the type of solar collector that is used to preheat the working fluid before
putting it into the storage and to raise the temperature up to 84 °C. The results of the
experimental practice showed that the solar ejector refrigeration system has the COP

0f 0.265.



84

Recommendation

The vacuum is important to operate the ejector refrigeration system.
Thus, the manufacture of each component should be considered.

The cooling for the condenser is important due to the fact that if the back

pressure is higher than the critical pressure, the system will be stopped.
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APPENDIX A SOURCE CODE PROGRAM AND FUNCTION OF
MATHEMATIC DESIGNING MODEL

Parameters Input program
clear =zil;

G = 1.135; 2 gzs 3@
Mw=116.95; Molecular ¥He
Pg=0.465;

Pcx=0.087;

Pe=0.040;

Tg=357;

Tex=301;

Te=281; F g

EN=0.85;

ES=0.85;

ED=0.85; ¢ Liffuss? qifigicney
R=8314.47/Mw;

dg=0.88; 2
Cp=1.16; =}

Cpw=4.186;

para{l}=G;

para{2}=Mw;

para{6}=Tg;
para{l}=Tcx;
para{8}=Te;
para{9}=EN;
para{l10}=ES;
para{l1}=ED;
para{l2}=R;
para{l3}=dg;
para{l4}=Cp;
para{l5}=Cpw;



Nozzle throat diameter program

1

clear =11;
load parameiers;
G=para{l};
Pg=para{3};
EN=para{9};

hgl=337.43;

hg2=340.72;

sgl=1.0366;

sg2=1.0380;

Pgl=0.044157;

Pg2=0.4915;

hg=hg2-{(( (Pg2-Pg) / (Pg2-Pgl))* (hg2-hgl)) ;
sg=sg2—(( (Pg2-Pg) /(Pg2-Pgl)) * (sg2-sgl));

Pt=Pg* (1+( (G-1) /2))2(=G/ (G-1))

Ttl=inpuB(tTefplereiiee JeLnros

Tt2=input ("%

JI
e

-

~

Ptl=input ('Pressiue
Pt2=input (' EFressuroWai theaal 2 =i =7
vtl=input ('volume abt threat 1 =% 7);
vt2=input ('¥oluma at throat 2 => ');
hgtl=input ('Enthalpy vapor

hgt2=input ('Enthaipy vapor at

sgtl=input ('Entropy v
sgt2=input ('=Znty

hftl=input('=

hft2=input ('Enthaipy
sftl=input ('Encropy liquid at throsd
sft2=input ('Encropy liguid at throat 2 =>



K1)

fing Entryropy and Enthaipy 1TIO0HW

fabls oroo

hft=hft2- (( (Pt2-Pt)/(Pt2-Ptl))*(hft2-hftl));
sft=sft2-(((Pt2-Pt)/(Pt2-Ptl))*(sft2-sftl));

hgt:hth—(({PtZ—Pt)/(PtZ—Ptl))*(hth—hgtl));
sgt=sgt2~(((PtZ—Pt)/(PtZ—Ptl))*(sgt2—sgt1));

Tt=Tt2- (( (Pt2-Pt)/ (Pt2-Pt1l) ) *(Tt2-Ttl));

x=(sg-sft)/(sgt-sft);

ht_is=hft+(x*(hgt—hft))

Vtzsqrt(Z*Eh*((hq—htiis)*IOOO));
ht=hg-( ((VE"*2)/2)/1000) ;

vit=vt2- (( (Pt2=Bt)/ (Pt2-Ptl))*(vt2-vtl));

Gtx=Vt/viL &= kaimilZ.s

Nozzle throat diameter program (cont.)

clcar s%ds
loadi paiaffters;
G=para{l};
Pg=para{3};
EN=para{9};

sg2=1.0380;
Pgl=0.044157;
Pg2=0.4915;

hg=hg2-( ( (Pg2-Pg) / (Pg2-Pgl) ) * (hg2-hgl));
sg=sg2-( ( (Pg2-Pqg) / (Pg2-Pgl))* (sg2-sqgl));

Pt=input({'Irput Delts Pressure at
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Ttl=input (' Tempereture at throst 1 =2 ');
Tt2=input (' Temperseturs =zt threat Z => '});
Ptl=input {'Pressure zt throzt 1 =» ');

Pt2=input (*Pressure at threat Z => ');

vtl=input ("VYolumx

vt2=input ('Vo

hgtl=input ('Erthalpy wvapcr at throst

hgt2=input ('Ent

s
|

—_

~

sgtl=input ('Entropy vapcor at threat 1T =» ');

sgtZ2=input ('Entropy a@PCL ak=phreat 2WSmy ' ) ;

hftl=input ('Engdiaisry liguic aE shroat i

hft2=input (@Fpthalryfiicuig at thifat 2%

sftl=inpyk ' Enflrooy/\A88uid at throat ISEF)

sft2=igput (fEabtyroey liguid at throat 2 => Ny

firgd Fabocgy and Buthalipy—tr
hiE=R L2 IPEZ=D8) / (PTRPEID Bttt 2~ hftl) )
sft=sft2-( ((Pt2—-Pt)./ (Pt2-Ptl))*(sft2-sftl));
hgt=hgt2—({ (Pt2-Pt)/ (Pt2-Ptl)) * (hgt2-hgtl) )
sgt=sgt2- ( ( (PER-PR) / (BLt2-Bt1) ) * (sgt25sqgtl) )

TE=E2 O PR2-BEARLBE2-PL L) ) % (TER25REL) ) ;

%= (sg=sft)/ (sgb-sft);
ht is=hft+(x* (hgtshft));
disp(ht is)y

’

[
ot

Vt=sgrt (2*EN* ( (Bgght, 15) “LES8 Maiesve INcist g

ht=hg-(((Vt"2)/2)/1000);

vt=vt2-(( (Pt2-Pt)/ (Pt2-Ptl))*(vt2-vtl));

Gtmax=Vt/vt &= g /m’ /.=

O



Throat diameter of the secondary flow program

clear z11;

load par =
G=para{l};

Pe=para{b};
ES=para{l0};

hel=286.63;
he2=290.02;
sel=1.0411;
se2=1.0384;
Pel=0.038053;
Pe2=0.046972;

he=he2- ( ( (Pe2-Pe) / (Pe2-Pel))* (he2-hel));
se=se2- (( (Pe2-Pe)/ (Pe2-Pel) ) * (se2-sel));

Pey=Pe* (1+ ((G-1)/2)) "~ (=G/(G-1))

Teyl=input/{ Teppersture at suction throat

TeyZ2=input (! Tampereture 3t suction throat

Peyl=input ('Prgssuns at surticlhihToatb
Pey2=input( 'Bzgssure at® sHat ioEYtEIcat
veyl=input{/ Yolmme gl sufhion Chroat

veyZ2=input (' VEiime zO0sudiion Lhrdaissd

hgeyl=input ('Enthaipy

hgey2=input ('Enthalpy vapCP oamSieTI ol

sgeyl=input ('

sgey2=input ('=nirapy

hfeyl=input ('Ent!

hfey2=input ('Enthalpy liguid st sucbicn

sfeyl=input ("Entropy 1i

sfey2=input ('Entropy liguid at suation throat

st
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it mITeloblsy Slike =L

hfey=hfey2—(((PeyZ—Pey)/(PeyZ—Peyl))*(hfeyZ—hfeyl));
sfey=sfey2~(((Pey2~Pey)/(PeyZ—Peyl)}*(sfeyZ—sfeyl));
hgey=hgey2- ( ( (Pey2-Pey) / (Pey2-Peyl))* (hgey2-hgeyl));
sgeyzsgey2—(((Pey2~Pey)/(Pey2—Pey1))*(Sgeyz—sgeyl));
Tey:TeyZ—(((PeyZ—Pey)/(PeyZ—ngl))*(Tey2—Teyl));

xe=(se-sfey)/ (sgey-sfey);
hey is=hfey+ (xe* (hgey-hfey));

disp(hey is);:

Veyvsqrt(2*ES*((he—hey_is)*lDOO));  yelpeliny oF ahe
hey=he-(((Vey”2)/2) /1000);

vey=vey2- [ ( (Pey2-Pey) / (Pey2-Peyl))*(vey2-veyl) )

Geyx=Vey/vey

Throat diameter of the secondary flow program (cont.)

load By awmBicrsy
G=para{l};
Pe=para{5};

ES=para{l0};

hel=286.63;

he2=290.02;

sel=1.0411;

se2=1.0384;

Pel=0.038053;

Pe2=0.046972;

he=he2- (((Pe2-Pe)/(Pe2-Pel))* (he2-hel));
se=ze2- (((Pe2-Pe)/ (Pe2-Pel))* (se2-sel));

Pey=input { ' Input L2lts Pressurs ai suetion throal =»

¥y it T

Ly

=i

,.‘
K4
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b

Teyl=input ('T:
Tey2=input (' Temperstu

Peyl=input ('Fressure a
Pey2=input ('Fr

veyl=input ('volun
vey2=input ('¥olumn
hgeyl=input ('Enthalpy vapo:
hgey2=input ('EZ
sgeyl=input ('E
sgey2=input ('Entropy 3apor
hfeyl=input ('En
hfey2=input (#Erthaley

sfeyl=inpdt{" EggTopy Légiid at suctich

sfey2=igpht (FFHr rgfy liquid at suction threat EUsk W§

find Efezopy and-Eninglpy from-Ri41b table property
hfey=hfey2={( ((Pey2-Pey)/ (Pey2-Peyl) ) * (hfey2-hfeyl)});
sfeyzsfeyZ—{((Pey2fPey)/(Pey2"Peyl))*(sfey2ﬁsfeyl));
hgey=hgey27(((PeyZ—Pey)/(PeyZ—Peyl))*(hgey2—hgeyl));
sgey:sgeyZ—(((Pey2~Pey)/(Pey2~Peyl))*(SgenySgeyl));

Tey:TeyZ—(((PeyZ—Pey)/(PeyZ—Peyl))*(Tey2—Tey1));

xe=(se-sfey) / (sgey—-sfey);
hey is=hfeyt(xe* (hgey-hfey));
disp (hey dis);

Vey=sqrt (2*ES* (ight=he y=1552M000) s 4Tl ocdlygloT fhe s2condary flew
hey=he- (((Vey™2)/2)/1000);

vey:veyZ—(((Pey2fPey)/(Pey2—Pey1))*(veyZ—veyl)); Lo¥olume of the

Geymax=Vey/vey

Ejector Geometry program
clear all;

load garametars;

¢p]

G=parail};



Pg=para{3}*1000;
Pcx=para{4}*1000;
Pe=para{5}*1000;
Tg=para{6};
Tcx=para{7};
Te=para{8};
EN=para{9};
ES=para{l0};
ED=para{ll};
R=para{lz};
dg=para{l3};
Cp=para{ld};
Cpw=para{l5};

Gt max=1.8737*10"3;
Gey max=163.0101; % g /e

Pey=0.0243*10"3;
Vey=126.8748; 1S
Tey=270.0072;

Maey=1;

Dt=2.0;
Dt=Dt/1000;
At=(pi/4)*DL™2;

mg=AC*Gt max;

Dg1=8; L omm
Dgl=Dgl1/1000;
Agl=(pi/4)*Dgl"2;

N

a=1;
al=(At/Aql)*(((1+((G“l)/2)*a“2)/((G+1)/2))“((G+1)/((2*(G—1)))));
whnile (a—al)>=0.00001;

a=a+0.00001;
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al=(At/Bgl)* (((1+((G-1)/2)*a"2)/((G+1)/2)) "~ ((G+1)/((2* (G-

1))

end

Magl=al;

2285 w28 aRSr 28 2n il R R eRYESE AREY ST

Pgl=Pg* (1+(((G-1)/(2*EN))*Magl”~2))"(-G/(G-1));

Pgy=Pey;
a3=((((Magl”2)*((G=1)/2))+1)*(G/(G=1)))*(Pgl/Pgy];
Magy=sqrt (( (2)/(G-1))* ((a3~((G-1)/G))-1) )3

a=(dg/Magy) * ((1+(((6-1)/2) *Magy”2) )/ ((G+1)/2)) " ((G+1) /(2% (G-1)) )
b=(1/Magl)*( (14 (((6-1)/2) *Maglr2))/ ((G+1)/2))~ ((G+1) /(2% (G-1)));

Agy=Agl* (a/b);

Tgy=Tg* (1+({G-1)/2)*Magy”2)* il 4

Vgy=(Magy*sqrt (G*R*Tgy));

Aey=input ('asy =>");
me=Aey*Gey max;

mc=mg-+me; Y kals

A3=RAey+Rgy;
D3=sqrt (A3* (4/pi));
AR=A3/At Araz rabic

dm=input (‘dm =»t); 0 0.3DeE.3, 0.82<=€.3, 0.84<=6.9

Vm= (dm* { (mg*Vgy)+ (me*Vey)) )/ (mg+me) ;

ESES s RS |
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Tm=(((mg*((Cp*Tgy)+(((ng/lOGO)“Z)/Z))+me*(Cp*Tey)+(((Vey/lOOO)“2)/2)
)y /me) - ((Vm/1000)~2)) /Cp;

Pm=Pgy;

P3=Pm* (1+( ({2*G) / (G+1) ) *{((Mam™2) 1) ) )

Ma3=sqrt((l+((G—l)/2)*Mam“2)/((G*Mam“2)~((G—l)/?))};

Pc=P3* (ED* ( (G=1) /2) * (Ma3"2)+1) ~(G/(G-1))

OMEGA=me /mg

Pg 1=0.44157*1000;
Pg 2=0.49915*1000;
Pel=0.038053*1000;
Pe2=0.046972*1000;
Pcl1=0.084108*1000;
Pc2=0.10063*1000;
vgl=0.051173;
vg2=0,045445;
vel=0.51260;
ve2=0.42136;

vg c1=0.24486;

vg c2=0.20711;

vf ¢1=0.00081288;
vEi ¢2=0.00081939;
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vg=ng—(((Pg_Z-Pq)/(PgﬁZ—Pg_l))*(vgz—vgl));
ve=ve2-( ((Pe2-Pe)/ (Pe2-Pel))* (ve2-vel));
Vg=sgrt (G*R*Tqg) ;

Ve=sgrt (G*R*Te) ;

Ani=((mg*vg) /Vg);

Asi=((me*ve) /Ve);

Dni=sqgrt ((Ani*4)/pi); s Nozzle inlet diameter
Dsi=sqrt ((Asi*d)/pi); BT Lo Ak et e o ter

Dc=2.4*D3; Wy oy

[

W
i
T

Lm=5*D3; Lt zingd section Length
Lc=5*D3;

Ld=7*D3; > Piffuser sectiiemy Lengih
Lx=1.5*D3; S Nozele oxit-EsfiRiny JESCTLON



Plate heat exchanger sizing program

hggenl=337.43;
hggen2=340.72;
hgevl1=286.63;
hgev2=290.02;
hfcondl=75.037;
hfcond2=80.843;
vfcondl=0.00081288;
vfcond2=0.00081939;

hggen=hggen2- (( (Pg 2-Pg)/(Pg_2-Pg_1))* (hggen2-hggenl));
hgev:hgeVZ—{((PeZ—Pe)/(Pe2—Pel))*(hgev2—hgevl));
hfcond=hfeond2- ( ( (Pc2-Pcx) / (Pc2-Pc1))*(hfcond2-hfcondl)) ;
vfcond=vfcond?- ( ( (Pc2~Pcx) / (Pc2-Pcl) ) *(vfcond2-vicondl));

hfgen=hfcond+ (Bg-Pc) *vfcond;

hcond=(hggen+ (OMEGA*hgev) ) / (1+OMEGA) ;

Cr=Pc/Pe
Qg=mg* (hggen-hfgen)
Qe=me* (hgev-hfcond)

QOc=mc* (hcond-hfcond)

Wp=mg*vfcond* (Pg-Pc);
COP_ejc=Qe/Qg
COP=0Qe/ (Qg+¥Wp)

mwg=0.49; “ki/s
mwe=0.49;
mwe=0.49;
Twe i=30;

Tweﬁo=Twe_iﬁ(Qe/(mwe*pr)) Fvaparature Waber Te

Twe_ i=30;
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Twcﬁo=Twc_i+(Qc/(mwc*pr)) Condenser Water Temparature cutlet
Twg 1=94;
Twg 0=Twg_i-(Qg/ (mwg*Cpw)) % Generzter Water T ture cutlet

Storage tank sizing program

clear =17

load parameters;
G=para{l};
Pg=para{3}*1000;
Pcx=para{4}*1000;
Pe=para{5}*1000;
Tg=para{6};
Tcx=para{7};
Te=para{8};
EN=para{9};:
ES=para{l0};
ED=para{ll};
R=para{l2};
dg=para{l1l3};
Cp=para{l4d};
Cpw=para{l5};
Qg=11942. 9 a1 :[. Sk Fid 2 .4 QOBTY Ay
T=6;

Et=Qg*T BT

Eg=Et/0.9478;
Wv=Eg/ (Cpw*55) s iiter

Solar collector sizing program
clear =1il;

Gt=585; % Wiz

Ta=35;

Ti=80;
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To=90;

Tm=( (Ti+To)/2);

al=1.58;

a2=0.0057;

Fr=0.77;

FrUl=1.5;

Qg=3.5;
Ecoll:Fr—(al*((Tm—Ta)/Gt))—(aZ*{Gt*((Tm—Ta)/Gt)))“Z;
Asc=0Qg/ (Ecoll*Gt)*1000



APPENDIX B TABLE OF SOLAR RADITION

Table 10 Average of solar radiation at School of Renewable Energy

Technology, Naresuan Uinversity, Thailand

Time Solar Radiation
9:00 445.04
9:15 47734
9:30 533.87
- 9:45 581.58
- 10:00 63054
10:15 f ’ 680.21
o 10:30 718.25
10:45 ' 75323
a 11:00 : 795.44
- 11:15 769.43
o 11:30 : 819.87
11:45 ’ 848.14
12:00 854.69
12:15 3 857.30
- 12:30 853.72
- 12:45 ' 848.43
13:00 835.88
i 13:15 81931
’ 13:30 | 304.87
13:45 = 777.53
14:00 755.49
N 14:15 725.80
o 14:30 ' . 688.54
14:45 649.57
B 15:00 ' 610.72
o 15:15 557.83
o 15:30 50591
- 15:45 ' 465.61
R 16:00 409.63

Average ' 692.20




APPENDIX C ECONOMIC ANALYSIS

Table 11 Net Present Value

S Cash Outflow - Expected Net Time t
or Investment Cash Flow Calculation
0 158,158.3 25,200.00 25,200.00 23,387.47
1 0 ©25,200.00 72520000  21,70531
" 25,200.00 2520000 2014414
——3 PO [ NH200007 \Teosiego T 18,695.26
— 77 & 7 2520000 . 2520000, 1735059
5§/ 2=N 2520000 2520000 1610263
%77 A A 25 0e0b (Z——=250.08L \\ 1494444 o
——= T 9 . . 2520000 . 2520000 13,869.55
— B W[ @ ~25,200.00 2520000 12,871.97
— Bl A o 25,200.00 2520000 11,946.14
— W\ Wr\ [/ 125200000 \ '\ /J2s#hopo |\ ©11,08691
W\ (7AW S - 95200.00 ©725,200.00 10,289.47
7 0. .. 2520000 _ . 2520000 0,549.40
BER \W v ANCA Wi A=/ 8,862.55
14 QN B —35,200.00 ~25,200.00 8,225.10
TTI5 e S\ Ak,200,H8) 2520000 2338747
Discount rate ( r) 8.75%
Net Present Value (NPV) 60,872.63 Baht
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Table 12 Internal Rate of Return

Cash Expected
Periods Outflow or Cash Inflow Net Cash Time ¢
Investment Flow Calculation
0 158,158.30 0.00 -158,158.30  -158,158.30
1 0.00 25,200.00 25,200.00 22,188.67
2 0.00 25,200.00 25,200.00 19,537.19
3 0.00 25,200.00 25,200.00 17,202.56
4 0.00 25,200.00 25,200.00 15,146.90
5 0.00 25,200.00 25,200.00 13,336.89
6 0.00 25,200.00 25,200.00 11,743.17
7 0.00 25,200.00 25,200.00 10,339.90
8 0.00 25,200.00 25,200.00 9,104.31
9 0.00 25,200.00 25,200.00 8,016.37
10 0.00 25,200.00 25,200.00 7,058.44
B T 0.00 25,200.00 25,200.00 6,214.98
12 0.00 25,200.00 25,200.00 5,472.31
BRE 0.00 25,200.00 25200.00  4,818.38
- 14 0.00 25200.00 25.200.00 4,242.60
15 0.00 25,200.00 25,200.00 3,735.62
Net Present Value (NPV) 0.00

Internal Rate of Return (1) 13.57%
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