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ABSTRACT

A small scale steam jet ejector experimental setup was designed and
manufactured. This ejector setup is of an open loop configuration and
the boiler can operate in the temperature range @f=Ir85 °C to

140 °C. The typical evaporator liquid temperatures range from
Te=5°C to 10 °C while the typical water cooled condenser pressure
ranges from P = 1.70 kPa to 5.63 kPa (T= 15 °C to 35 °C). The
boiler is powered by two 4 kW electric elements while a 3 kW elec-
tric element simulates the cooling load in the evaporator. The elec-
tric elements are controlled by means of variacs.

The function and fluid dynamics of a steam jet ejector is explained
by means of a theoretical model found in literature. The detailed ope-
ration of the steam ejector is further represented in the form of a li-
terature study. The proper functioning of a steam jet ejector is depen-
dant on the following parameters: the boiler temperature, the evapo-
rator temperature, the critical condenser pressure, the primary nozzle
exit position and the ejector throat ratiorRAA condenser pressure
higher than the critical condenser pressure and the super- heating of
the primary steam has a negligible effect on the system’s operation.

Experimental results conducted at a boiler temperature pof T30 °C
compare well to published experimental data conducted at similar
operating conditions. This verifies the general operation of the expe-
rimental setup.

Primary nozzles with throat diameters of 2.5 mm, 3.0 mm and 3.5 mm
are tested while the secondary ejector throat diameter remains un-
changed at 18 mm. These primary nozzles allow the boiler to operate
in the temperature range of 85 °C to 110 °C. When the nozzle throat
diameter is increased, the minimum boiler temperature decreases. A
primary nozzle with a 3.5 mm throat diameter was tested at a boiler
temperature of § = 95 °C, an evaporator temperature of ¥ 10 °C

and a critical condenser pressure of;iP= 2.67 kPa (22.6 °C). The
system’s electric COP is 0.253.

In a case study, the experimental data of a solar powered steam jet
ejector air conditioner is investigated. Solar powered steam ejector
air conditioning systems are technically and economically viable

when compared to conventional vapour compression air conditioners.
Such a system can either utilise flat plate or evacuated tube collec-
tors, depending on the type of solar energy available.

A steam ejector can be used for rapid subzero vacuum cooling. This
was demonstrated through experiments in which 7 L of water could
be cooled down from room temperature to 2.4 °C in less than 10 min.
During this test, the evaporator vapour temperature reached
temperatures as low as -8.5 °C.



OPSOMMING

‘n Kleinskaalse eksperimentele stoom ejektor opstelling is ontwerp
en vervaardig. Hierdie ejektor opstelling gebruik ‘n ooplus konfi-
gurasie en kan funksioneer met keteltemperature in die gebied van
T, = 85 °C to 140 °C. Die tipiese verdampertemperatuur gebied
is Te=5 °C to 10 °C terwyl die tipiese druk gebied van die waterver-
koelde konden-ser P= 1.70 kPa to 5.63 kPa (T= 15 °C to 35 °C) is.
Stoom in die ketel word geproduseer deur twee 4 kW elektriese
elemente. Die verdamper se verkoelingslas word gesimuleer deur ‘n
enkele 3 kW elektriese element. Beide die elektriese elemente word
beheer deur verstelbare transfor-mators.

‘n Teoretiese model vanuit die literatuur beskryf die funksie en
vlioeidinamika van die stoom ejektor. Die breedvoerige werking van
‘n stoom ejektor word verder verduidelik aan die hand van ‘n litera-
tuurstudie. Die korrekte werking van ‘n stoom ejektor word bepaal
deur die volgende parameters : die keteltemperatuur, die verdamper-
temperatuur, die kritiese kondensor druk, die primére spuitstukuitlaat
posisie en die ejektor keé&lverhoudingrA‘'n Kondensordruk hoér as
die kritiese kondensordruk en die superverhitting van die primére
stoom het ‘n weglaatbare effek op die sisteem.

Eksperimentele resultate wat verkry is by ‘n keteltemperatuur van T
= 130 °C vergelyk goed met gepubliseerde data uitgevoer by soort-
gelyke bedieningstoestande. Hierdie verifieer die algemene funksio-
neering van die eksperimentele opstelling.

Terwyl die sekondére spuitstuk se keéldiameter onveranderd gehou is
by 18 mm, is primére spuitstukke met keéldiameters van 2.5 mm,
3.0 mm en 3.5 mm getoets. Die verskillende spuitstukke laat die ketel
toe om in die temperatuur gebied van 85 °C to 110 °C te funksioneer.
Indien die primére spuitstuk diameter vergroot word, verlaag die
minimum Kketel temperatuur. ‘n Primére spuitstuk met ‘n 3.5 mm
keéldiameter is getoets by ‘n ketel temperatuur van=r95 °C, ‘n
verdamper temperatuur van 10 °C en ‘n kritiese kondensordruk van
Pcrit = 2.67 kPa (22.6 °C). Die sisteem se elektriese “COP” is 0.253.

In ‘n gevallestudie is die eksperimentele data van ‘n sonaangedrewe
stoom ejektor lugverkoeler ondersoek. Sonaangedrewe stoom ejektor
lugverkoeling is tegniese en ekonomiese haalbaar wanneer dit
vergelyk word met konvensionele lugverkoeling. Die sisteem kan

platplaat of ge-evakueerde buis sonverhitters gebruik afhangende van
die tipe sonlig wat beskikbaar is.

‘n Stoom ejektor kan toegepas word op snel subzero vakuum ver-
koeling. Hierdie metode is gedemonstreer deur eksperimente waarin
7 L water afgekoel kon word vanaf kamertemperatuur tot 2.4 °C in
minder as 10 minute. Tydens hierdie eksperiment het die verdamper
damptemperatuur ‘n minimum -8.5 °C bereik.
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1. INTRODUCTION

High oil prices can be good news — it drives the research into
renewable energy alternatives. It further promotes the efficient use of
energy and it encourages people to seek ways of utilising waste heat
or energy.

Waste process heat and waste steam is common in industry and it can
be applied for heating, cleaning and absorption cooling cycles along
with other uses. The application of waste heat is determined by the
temperature of the heat or steam. Waste heat has more uses at higher
temperatures. Waste steam and process heat below 100 °C is often
termed low grade waste heat.

The need for cooling is common in many industries and ranges from
product refrigeration to space cooling. The main aim of this thesis is
to investigate the use of low grade heat to drive a steam jet ejector
cooling cycle.

A steam jet ejector that can operate at a boiler temperature of 100 °C
or below can easily be powered by conventional flat plate solar water
heaters. Since the cooling load is commonly synchronised with the
availability of solar energy, this becomes an attractive application of
solar energy.

The objectives of this project are:

1) Design and build a small scale experimental steam jet ejector
setup

Chapter 2 will explain the thought process behind the design
of such a system. It will further explain how such a setup was
constructed as well as the experimental method that was
followed.

2) Explain the fluid dynamic theory relevant to the steam jet
ejector.

Chapter 3 will explain the fluid dynamic theory based on
present literature. This will include the efficiency of the
primary nozzle, the mixing chamber and the diffuser. This
theoretical model is compared to experimental results in
chapter 5.

3) Explain the function and fluid dynamics of a steam jet ejector
in the context of a literature study

The work of various authors on small scale steam ejectors will be
presented in chapter 4 in the form of a literature study. The



effect of the boiler and evaporator temperatures as well as the
condenser pressure on the system performance is represented.
Chapter 4 further aims to explain the mixing of the primary and
secondary streams and the influence of the primary nozzle exit
position based on published experimental results.

4)

5)

6)

7)

Verify the operation of a small scale steam ejector system at
familiar boiler temperatures

The steam jet ejector is well documented in literature. This is,
however, mostly for boiler temperatures in the range @f=T
110 °C to 140 °C. The initial aim of Chapter 5 will be to
compare experimental results obtained by the author for a
boiler temperature of §= 130 °C to that of experimental data
published in literature at the same operating conditions. This
comparison aims to benchmark the operation of the
constructed experimental setup.

As the main aim of this thesis, investigate and document the
proposed operation of the system at boiler temperatures less
than 100 °C.

Chapter 5 will explain tests conducted on primary nozzles
with different throat diameters. Tests on boiler temperatures
would start at 110 °C. The primary nozzle throat diameter will
be increased after every successful test. The aim would be to
lower the boiler temperature as low as the other system
parameters would practically allow for each primary nozzle
that is tested. The experimental results of each nozzle and
corresponding boiler temperatures are documented. A
comparison to theory and other published data will be
presented.

Investigate the possibility of a solar thermal driven system.

Chapter 6 will be dedicated to the discussion of a solar
powered steam ejector system. A case study will be conducted
on an existing solar powered steam ejector air conditioner.
Different types of solar collectors and different configurations

for incorporating solar collectors to an ejector system will be

investigated.

Through the above lay, the foundation for further research in
this field of endeavour and comment on any new applications
thereof or insight gained into steam jet ejectors powered by
low grade waste heat.



2. THE STEAM JET SYSTEM

2.1 System Layout and Operation

A steam jet refrigerator was first developed by Le Blanc and Parson
as early as 1900 (ASHRAE, 1969). It experienced a wave of
popularity during the early 1930s for air conditioning systems of
large buildings (Stoecker, 1959). The system was replaced with the
more favourable vapour compression system. The latter system was
superior in its coefficient of performance (COP), flexibility and
compactness in manufacturing and operation (Eames et al., 1995a).

The steam ejector cycle is similar to the conventional vapour

compression cycle except that the compressor is replaced by a liquid
feed pump, boiler and ejector-pump. In brief, liquid refrigerant is

vaporised at a high pressure in a boiler and fed to an ejector where it
entrains a low pressure vapour originating from the evaporator. This
combined flow is then compressed to an intermediate pressure equal
to that of the condenser. This cycle has recently drawn renewed
attention due to its simplicity of construction, ruggedness and few
moving parts.

Figure 2.1 shows a schematic of the conventional ejector
refrigeration cycle. The cycle typically consists of the boiler, the
ejector, the condenser and the evaporator.

ejector

. 6
|::> boiler |::> evaporator _[><]_ condenser

heat n heat in expansion
valve

heat out

feed
pump

Figure 2.1: Ejector cycle (Chunnanond and Aphornratana, 2004b)



In figure 2.1, the liquid refrigerant boils in the boiler at a high
pressure and temperature due to the application of heat. This high-
pressure refrigerant vapour passes through line 1 and enters the
primary nozzle of the ejector compressor. A typical ejector cross-
section with pressure and velocity profiles is shown in figure 2.2.
The primary stream accelerates and expands through a convergent-
divergent (de Laval) nozzle to produce super-sonic flow (typical
Mach number above 2), which creates a low pressure region. This
partial vacuum created by the supersonic primary flow entrains
refrigerant vapour from the evaporator through momentum transfer in
line 2. The evaporator pressure falls and boiling of the refrigerant in
the evaporator occurs at a low pressure and consequently at a low
temperature.

Mixing chamber Throat  Subsonic diffusor

’4
pimaid1 [ 3 L m/{/jl
— - | — 3

) T
Primary —— \_%
nozzle
A
Secondary fluid 2
2
> Bl
g
~
\\
& Soni loci
-l R — / _______ L) Somic velocity |
) / \_,
> .
P 1 Si i v v v vil

Distance along ejector

Figure 2.2: Typical ejector cross section and pressure and velocity
profiles (Chunnanond and Aphornratana, 2004a)

The primary and secondary streams mix in the mixing chamber and
enter a normally choked (sonic flow conditions at the throat)
secondary converging-diverging nozzle (also referred to as the
ejector profile). The flow expands in the diffuser part of this nozzle
through a thermodynamic shock process. This shock wave causes a
sudden rise in the static pressure and its location varies with the



condenser backpressure. The flow emerges from the shock wave with

subsonic velocity and is compressed in the diffuser to the saturation
pressure of the condenser.

From the diffuser exit, the mixed flow is fed directly to the

condenser through line 3 where it is cooled and condensed. The
condensate is returned to the evaporator via an expansion valve in
line 6 and to the boiler through a feed pump in line 4. A full
description of ejector principles and performance and industrial

applications can be found in additional texts (e.g. Engineering
Sciences Data Unit, 1986).
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Figure 2.3: General steam ejector T-s diagram and corresponding
system cycle (Van Wyk, 2000)

¥

Figure 2.3 present a general thermodynamic analysis for the ejector
cycle. Different working fluids can be used in an ejector cycle e.qg.

halocarbon compounds such as CFCs, HCFCs and HFCs, (Eames et

al., 1995b) as well as butane, ammonia and water (Pridasawas,
2003a).

Water is by far the most environmentally friendly fluid. Using water

as working fluid the evaporator temperature typically varies in the

range 5 °C to 15 °C depending on the application. Typical condenser
temperatures vary in the range 15 °C to 40 °C depending on the
condenser type (wet or dry cooled), cooling water temperature and
ambient conditions. In practical systems, the boiler temperature
should be above 80 °C according to Eames et al. (1999). COP values

for the cycle typically vary in the range of 0.1 — 0.6, depending on
the operating conditions.



2.2 The Experimental Setup

A photo and accompanying schematic drawing of the experimental
setup is included in figure 2.4 and 2.5 respectively.

Figure 2.4: The ejector experimental setup
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Figure 2.5: Schematic of the experimental setup

The design of the experimental setup was done with the aid of
published work of Eames et al. (1995b) and Eames et al. (1999) as
well as previous work done at Stellenbosch University (figure B.1,
Van Wyk, 2000). The aim of the design was to keep the system as



simple as possible and use off-the-shelf components where feasible.
More complex system schematics from other authors are included in
figure B.2.

In reference to figure 2.5 the test facility consists of four principal

components: a 8 kW electrical steam boiler (A), a 3 kW evaporator
(B), a water-cooled condenser (C) and an ejector assembly (D) as
labelled in figure 2.4. Detailed mechanical drawings of the

experimental setup can be found in appendix C and on the data CD
included at the back of the thesis.

2.2.1 The boiler (A)

The boiler was manufactured from a 150 mm ID stainless steel pipe
1250 mm in length and 2 mm wall thickness. The bottom and top ends
of the pipe were fitted with bolted stainless steel flanges 8 mm in

thickness as well as viton o-rings. Two 4 kW electric elements, a
thermocouple, two thermostats and a drain valve were mounted on the
bottom flange. The top flange was fitted with a variable pressure

relief valve (l), an analogue pressure gauge (F), a steam pipe, a ball
valve (E), a thermocouple (J) and a drain valve (K) as can be seen in
figure 2.4 and figure 2.6. The boiler was insulated with 25 mm fibre

wool insulation and aluminium cladding was used. This can be seen
in figure 2.4.
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Figure 2.6: The uninsulated boiler (insert right: boiler top enlarged)



The boiler water level is measured by means of a sight glass. The
sight glass was manufactured from a 12 mm OD and 2 mm wall
thickness glass tube. The boiler has a total volume of 22.1 L and the
useable volume available between the top of the electric elements and
the top of the sight glass is 15.2 L. The boiler was designed to
operate at § = 80 °C to 140 °C and the corresponding pressure span
of P, = 45 kPa to 360 kPa. At the maximum steam flow of 3%g/h

(8 kW boiler electric energy input and,T= 140 °C) the boiler can
produce steam for more than an hour. Steam leaves the boiler through
a 40 mm ID, 2 mm wall thickness pipe and ball valve (E). The boiler
was hydrostatically tested up to 400 kPa before it was fitted.

2.2.2 The evaporator (B)

The evaporator (figure 2.7) was manufactured from a 150 mm ID
stainless steel pipe 600 mm in length and 2 mm wall thickness. The
bottom end was welded closed and fitted with a 3 kW electric element
and a thermocouple. The top end of the evaporator has bolted stain-
less steel flanges and an o-ring and is fitted with a thermocouple and
mercury manometer (G). The water content is measured with a sight
glass similar to that of the boiler. The total volume of the evaporator
iIs 10.6 L and the useable volume between the top of the electric
element and the top of the sight glass is 4.1 L.

Figure 2.7: Partly insulated evaporator



Water vapour flows from the evaporator to the ejector through a
stainless steel pipe and elbow, both 100 mm ID. The connection
between the evaporator pipe and ejector is done with a 100 mm ID
stainless steel union. A connection pipe with a large diameter was
chosen due to the high specific volume of steam at low temperatures
(147.1 m’/kg at 5 °C and 77.9 tkg at 15 °C versus 1.67 kg at

100 °C). A large diameter pipe is necessary to ensure a low vapour
velocity. With the evaporator operating at maximum electric input of
3 kW and at an evaporator temperature of 5 °C the steam velocity in
the 100 mm ID pipe is 22.6 m/s.

The evaporator vapour and liquid temperatures are measured with
separate thermocouples (figure 2.5). The pressure within the
evaporator is determined by means of the steam tables as well as with
the mercury manometer (G). A difference between these two
pressures mentioned indicates the presence of air in the evaporator.
The evaporator is insulated with 10 mm thick Armaflex insulation.

The electric element simulates the evaporator cooling load. This
element is controlled with a variac.

2.2.3 The condenser (C)

A boiler unit from a previous experimental setup (figure B.1) was
modified to a condenser (figure 2.8). A 150 mm diameter Perspex
pipe 800 mm long and with 3 mm wall thickness is fitted with
stainless steel flanges. Silicone was used to ensure an airtight joint
between the Perspex and endplates. The top plate is fitted with a
thermocouple and an analogue pressure gauge. This plate also
connects to the bottom of the ejector through a 40 mm stainless steel
pipe and union as can be seen in figure 2.8. The bottom plate has a
drain valve, thermocouple and a cooling water inlet and outlet.

Inside the condenser is a copper cooling coil. This coil was

manufactured from 15 mm OD plain copper pipe and wound in two

spirals. The outer spiral has an OD of 120 mm and the inner spiral
has an OD of 85 mm. 15 m of copper pipe was used and the wounded
coil is approximately 700 mm long.

The temperature inside the condenser is controlled by the cooling
water flow rate. The minimum temperature in the condenser is limited
by the temperature of the cooling water. The total volume of the
condenser is 14.1 L without the cooling coil. The volume of the
condenser with the cooling coil fitted is 11.5 L. The cooling water
inlet and outlet pipes are both fitted with thermocouples
(figure 2.8c).

A receiver tank (H) with a capacity of 8 L is connected to the outlet
of the condenser. This tank serves as a reservoir for the condensate.
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Figure 2.8: The condenser (reservoir not fitted)
a) Complete condenser
b) Condenser top with thermocouple and pressure gauge
c) Condenser bottom including drain valve, thermo-
couple and cooling water pipes with thermocouples

2.2.4 The ejector (D)

Figure 2.9 shows a drawing and a photo of the ejector assembly. The
outer body in which the nozzle is situated is made from a standard
100 mm ID, 2 mm wall thickness stainless steel T-piece. Two 100 mm
ID unions connect the T-piece to the boiler and the evaporator. A %”
valve is located near the top of the T-piece and is used along with the
vacuum pump to remove air from the system.

A flange and o-ring connects the bottom end of the T-piece to the
secondary nozzle. The secondary nozzle is manufactured from a solid
piece of PVC, 150 mm in diameter and 325 mm in length. This

secondary nozzle has a throat length of 40 mm and a throat diameter
of 18 mm. The secondary nozzle throat is a critical dimension in the

proper operation of the system. The secondary nozzle profile was
obtained from published data of Aphornratana and Eames (1997).
Refer to appendix C for a detailed drawing of the secondary nozzle
profile and other components.
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Figure 2.9: The ejector assembly
a) the complete ejector
b) the nozzle and spacers positions
c) the secondary nozzle (seen from above)

The nozzle and spacers are manufactured from brass and viton o-rings
are used. The spacers and nozzle screw into a flange that is
connected to the top end of the T-piece (figure 2.9 b,
SteamJet06_05_01P — appendix C). There are six spacers (40, 45, 50,
60, 70 and 80 mm in length). By using different combinations of
spacers, the primary nozzle position can vary relative to the flange
they screw into with 5 mm intervals (figure 2.9b). The spacers are
covered with a piece of Armaflex insulation as shown in figure 2.10c.
Table A.2 list the different nozzle dimensions. The nozzle throat
diameters varied from 1.5 mm to 3.5 mm.

12



Figure 2.10: a,b) The nozzle and spacer
c) The nozzle and spacers screwed together and
covered with insulation

A 99 mm diameter 2 mm thick stainless steel locator (figure 2.11a) is
used to align the primary nozzle with the secondary nozzle. The
spacer fits tightly over the nozzle, as shown in figure 2.11b.

Figure 2.11: a) Stainless steel locator
b) Locator and nozzle
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2.2.5 Other components

A 40 mm ID, 2 mm wall thickness stainless steel pipe connects the
boiler and ejector assembly. This pipe is tilted at an angle of 15 °
from the horizon. Condensate that forms inside the pipe can run back
to the boiler (figure 2.4). The pipe is covered with 10 mm thick

Armaflex insulation.

A data logger connected to a PC is used to log the temperatures from
the T-type thermocouples. The voltage to each electric element is
also recorded. The serial numbers of the equipment used can be found
in table A.3.

The test facility has no pump between the condenser and boiler and
no expansion valve between the condenser and evaporator. Such a
system is termed an open loop system.

2.3 The Experimental Test Procedure

Experiments are executed in batches. Before each test run the boiler
and evaporator are filled with municipal tap water up to a
predetermined level near the top of the sight glass. The boiler valve
iIs closed and air is evacuated from the boiler by using a water-jet
vacuum pump connected to the top of the boiler. The next step is to
switch the boiler electric elements on.

While the boiler heats up to its operating temperature, the vacuum

pump is used to evacuate air from the rest of the system. The steam
pipe, ejector assembly, evaporator and condenser are all connected to
each other without any valves. The vacuum pump is connected to the
top of the ejector T-piece. When the boiler is at its operating

temperature the boiler valve is opened. This allows the connection

pipe between the boiler and ejector to be heated. It also serves to
drives out the air still trapped in the connection pipe. The boiler

valve is only opened for about five seconds at a time. The boiler

valve is opened and closed for a few times while the vacuum pump is
running. This is done until the air is removed from the connection

pipe and the rest of the system.

Next, the boiler valve is closed and the boiler water level is refilled
to the predetermined level. The boiler is reheated to its operating
temperature. The cooling water supply to the condenser is turned on
and the data logger is switched on. To start a test run, the boiler
valve is opened. An immediate rise in condenser pressure is observed
while the evaporator temperature falls rapidly. The boiler and
evaporator temperatures are controlled with a variac. The thermostat
on each boiler element acts as an over-temperature and thus an over-
pressure protection. The boiler and evaporator mass flow rate is
determined by measuring the total amount of Iliquid that was
converted into steam over the entire time interval of the test run.
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3 EJECTOR THEORY

3.1 Ejector Theory

The primary and secondary nozzles are concentric. This allows one-
dimensional compressible flow theory to be applied. Some of the first

ejector models were presented by Keenan and Neuman (1942) and was
used to analyse air ejectors. Their first one-dimensional model was

based on ideal gas dynamics as well as the principles of conservation
of mass, momentum and energy. Heat and friction losses were not
considered. Their approach excluded the diffuser section and only

provided solutions for ejectors with constant-area mixing chambers

as opposed to a conical mixing section (constant pressure) as
described in this thesis.

Later the theoretical model was extended to include a constant
pressure mixing chamber and a diffuser (Keenan et al. (1950)). This
model did not include friction nor heat losses. Eames et al. (1995a)
extended the latter model to include irreversibilities associated with
the primary nozzle, mixing chamber and diffuser. Their analysis is
based on the well-known steady-state and steady flow equations of
energy, momentum and continuity as follow:

Energy equation for an adiabatic process:

> mh+V2ii2)=Y m(h +V,?/2) (3.1)
Momentum equation:

PA+Y mV=RA+Y mV, (3.2)

Continuity equation:

D AMA=Y pVA, (3.3)
The following assumptions were made. Refer to figure 3.1:

1. Isentropic efficiencies were introduced to the primary
nozzle, diffuser and mixing chamber to account for friction
losses.

2. The primary and secondary flows enter the ejector at zero
velocity.

3. At the primary nozzle plane (1), where the primary and

secondary streams first meet, the static pressure is assumed
to be uniform.
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4. Mixing of the primary and secondary flows is complete
before a normal shock wave occurs at the end of the mixing
chamber.

The entrainment ratio of an ejector is defined as the ratio between
the ejector (secondary) and boiler (primary) fluid mass flow rates:

(3.4)

constant area

mixing section subsonic diffuser

primary b\ \

nozzle @1"
primary —) ' combined flow —P
steam — =
flow
e/
constant pressure
secondary flow mixing section

Pressure

Distance along ejector

Figure 3.1: Schematic representation of an ejector
(Eames et al., 1995a)

Mach number of the primary fluid at the
nozzle exit plane

The high-pressure primary fluid at b expands through the nozzle and
exits at 1’ with supersonic speed. If the energy equation is applied
between b and 1’ and then simplified, the result is:

V,* =27, (h, —h) (3.5)
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where 77, is an isentropic efficiency of the primary nozzle.

The relation between the pressure ratio across the nozzle and Mach
number at the exit of the nozzle is given as:

M, = all: (EJK -1 (3.6)

Mach number of the secondary fluid at the
nozzle exit plane

The secondary flow expands from e to 1”. The Mach number for the
secondary flow at the nozzle exit plane is derived in a similar
fashion:

M, = 2 (EJK -1 (3.7)

The mixing process

The momentum equation for ideal mixing is applied between 1 and 3:

PA MY+ Y= RA+H(M+m)Y, (3.8)

Two assumptions are made. The entire mixing process between
primary and secondary flows occur between 1 and 3 at constant static
pressure (P = P3). The cross-sectional areas at the inlet and exit of
the mixing chamber are equal (A~ A3). Therefore:

mY+ m\ = (m+m)V, (3.9)

The above relation describes fully idealized mixing anf, is
included as an efficiency for the entire mixing chamber:

Ma( MY+ m\.)=(me+ me)V, (3.10)
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The velocity of the mixed fluid at 3 can be explicitly expressed as:

Vs =17, —m\,/l'ﬂnevl" (3.11)
Mo+ Me

Equation (3.11) can be rewritten in terms of the Mach number:

M = M, +R,M, T/T, (3.12)
J@+ R)A+RT/T,)

where the relationship between M and M* is given as:

M*:\/ (k+1)M2£2 (3.13)
1+ k-DM?/2

Pressure ratio across a normal shock wave

A normal shock wave occurs within the constant-area mixing section
if the velocity of the mixed flow entering this section is supersonic.
During the shock process the flow experiences a sudden change in the
flow velocity and pressure. Theoretically the shock wave has an
infinitesimal thickness. The shock occurring between 3 and 4 would
therefore be an irreversible compression process in which the Mach
number suddenly falls to less than unity. The Mach number of the
mixed flow after the shock is:

| M+ 2/k-1)
. ‘J[zk/(k—n)]w—l =3

The pressure lift ration across the shock wave is:

P, 1+kM,’

2
P 1+kM, (3.15)

Pressure lift ratio across the subsonic diffuser

The mixed flow is further compressed as it passes through the
subsonic diffuser. In an additional assumption, the mixed flow
velocity reduces to zero at the diffuser exit (c). The pressure lift
ratio across the diffuser is:
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P, :|:,7d(l;_1)M42 +1}k‘1 (3.16)

)

Solution of Equations (3.5) — (3.16)

The temperature, pressure and mass flow rate of the primary and
secondary fluids are all known. Temperatures and pressures are taken
from the thermocouples and pressure gauges. Mass flow rate is
calculated from the volume flow over a certain time period. The
following procedure was used to obtain the ejector exhaust pressure.

1 The pressure at the nozzle exit plane is unknown and
determined by an iterative process. An initial value fB/P,
is guessed.

2 From equations (3.6) and (3.7) the Mach numbers of the

primary and secondary fluids at the nozzle exit pland,(
and M,") are calculated.

3 Equation (3.12) is used to calculate the Mach number of the
mixed fluid M,.

4 Equation (3.14) is used to calculate the Mach number of the
mixed fluid after the shock wavé,.

5 Equation (3.15) is used the calculate the pressure lift ratio
across the shock wave,/P;.

6 Equation (3.16) is used to calculate the pressure lift ratio
across the diffuseP/P,.

7 P,/P,, P/P, and RB/P, are all known and the exhaust pressure
P. can be calculated.

8 Steps 1 to 7 are repeated with new values BfP, until the

maximum P, is obtained.

Eames et al. (1995a) suggested values of 0.85, 0.85 and 0.95 for the
primary nozzle, diffuser and mixing chamber efficiencies respec-

tively. According to these authors, these values were found to give

acceptable correlation with experimental data provided by ESDU

(1986).

3.2 Ejector Performance
The thermodynamic performance of a steam ejector is evaluated by
the coefficient of performance. This is the ratio of the evaporator

heat load and the sum of the boiler energy input and pump work. The
COP is calculated as follows:
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COP= Qevap ~ Pevapelec) — (VI )evap

' (3.17)
Qboiler +W pump PbOilel(eIec) (\/I )boiler

The pump work can be omitted since it is typically less than 1% of
the boiler heat input (Aphornratana and Eames, 1997). Note that
Pevap(elec) and Ryoiler(elec) represent electric power input and not
pressure and V represents electric volts and not volume.

The COP can also be calculated as:

N gouay =
COP=R,

f-cond
3.18
— (3.18)

f-cond

g-boiler

where R, was defined earlier as:

Me

R = (3.19)

Mp

Certain authors, however, use the terms electric and water COP when
referring to the COP and entrainment ratio. These terms are defined
as follow:

hg—evap - h f-cond
COFt)eIec :COPZCOPwater (320)
hg—boiler - h f-cond
and:
COR,yer =R, =% (3.21)
Mp

From equations 3.18 and 3.19 it can be observed that Q&nd
COPyater differ with a value of:

h
h

gevap h

f-cond
3.22
- (3.22)

f-cond

g—boiler

The magnitude of term (3.20) is typically 0.931 to 0.946 for the
temperature ranges of,T= 5 °C to 10 °C, T = 15 °C to 25 °C and
Tp = 90 °C to 110 °C. This results in a CQRervalue which is 5.7 %
to 7.4 % higher than the CQR. value.

The CORyater Value is usually calculated by measuring the change in
the water level in the boiler and evaporator sight glass. The density
of water in the evaporator and boiler differ between 95.2 % to 96.5 %
(Te =5 °C to 10 °C and =90 °C to 110 °C). The effect of this
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phenomenon is that the measured GQRris 3.5 % to 4.8 % lower
than the actual CORiter value.

The combined effect of the two cases above results in the measured
COPyater value being 2.0 % to 2.1 % higher that the CGQPvalue.

If an experimental setup has no condensate return system and batches
are run during experiments, the system becomes an open loop system.
The open loop COHec is:

P h
Coa|eqo|) — evap elec - Rm h fg-evap (3 . 23)

boiler_elec fg—boiler

where, as before, the closed loop COP is:

P h —-h
_ evap elec __ g-evap f-cond
boiler_elec g-boiler f-cond
_ Rm h fg-evap + h f-evap - h f-cond (3 2 4)
hfg—boiler + hf—boiler - h f-cond

The CORjec(ony and CORjec(cry differ from each other with less than
0.5 % in the following temperature ranges ¥ 5 °C to 10 °C, T =

15 °C to 25 °C and g = 95 °C to 105 °C. The experimental setup
used in this project is an open loop system similar to that of Eames et
al. (1999). The published experimental data, however, is relevant to a
closed loop system unless otherwise stated.

In this thesis, when a graph of experimental data is plotted, the terms
COPyater and CORjec are used. The term COP is used as a collective
term when referring to the system performance in general. This term
is further used on the axis of a graph when both G@Pand COR, ater

are plotted. The terms COP andy,Rare used on graphs taken from
published data and represent COR and COR,ater
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4. LITERATURE REVIEW

4.1 General

This chapter discusses experimental results found in literature. The
aim is to explain the operation of a steam jet ejector in more detail.

Note that steam in the system is saturated unless otherwise stated.
The result of this is that there is a direct relationship between the

steam temperature and pressure. Temperature is used when referring
to the boiler and evaporator and pressure is used when referring to
the condenser.

For an ejector to operate properly the flow through the primary

nozzle must be choked. This is usually the case since the pressure
ratio (nozzle outlet/inlet pressure) is only required to be below 0.57

for saturated steam as working fluid (Cengel and Boles, 2002). When
this pressure ratio is maintained, the choked flow results in a Mach

number of unity in the nozzle throat. The mass flow rate through the

nozzle is then entirely dependent on the upstream conditions (boiler
temperature).

In addition to the choking of the primary nozzle, the ejector is

characterised by another choking phenomenon in the secondary
nozzle. As pointed out by Huang et al. (1985), the choking of the
secondary ejector results from the acceleration of the entrained flow
from a stagnant state at the evaporator inlet to a supersonic flow in
the mixing chamber.

critical mode subcritical mode malfunction mode
double-choking (single-choking) back flow)
el r=} o

"~ »la -
L »

Ry = constant ’-

/

critical point

Entrainment Ratio Ry,

oo

Condenser Pressure

Figure 4.1: Operational modes of an ejector
(Huang and Chang, 1999)
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Figure 4.1 shows the variation of entrainment ratig ®With discharge

or condenser pressure; Rt fixed boiler and evaporator temperatures.
The ejector performance can be divided into three operational modes,
based on the condenser pressure P

(a) Critical (double-choking) mode when. K P, where the primary
and the entrained flows are both choked and the entrainment ratio is
constant

(b) Subcritical (single-choking) mode when+P< P. < P, where only
the primary flow is choked and jRchanges with the back pressure P

(c) Malfunction (back-flow) mode when P> P., where both the
primary and the secondary flows are not choking and the entrained
flow is reversed

This ejector behaviour is confirmed by experiments. Refer to figure
4.2 for work done by Eames et al. (1995).

Tcondenser [("]
25 28 31 34 37
0.5 1 1 I 1 1
- evaporator temperature = 5.0 °C
nozzle exit position = 26.15 mm
0.4 o
A T =120°C
O Tp=125°C
03 <> Tboﬂer: 130 °C
o O T,u.=135°C
COP o YV Top= 140°C
0.2 DJr‘
1 \
01 ‘\ l|l\ \\ ?\ \
0.0 I r I
30 40 50 60
E:ondenser [lllbﬂl‘]

Figure 4.2: Measured COP versus condenser pressure and boiler
temperature for a constant evaporator temperature
(Eames et al., 1995)

When the flow through the primary nozzle is choked, the mass flow
rate of steam does not increase when lowering the condenser
pressure. This attribute of the nozzle is the reason for the constant
entrainment lines as can be seen in figure 4.1 and 4.2. From this it is
noted that the most economical point to operate the ejector is at the
critical point. The critical points for various boiler and evaporator

temperatures are plotted on a graph showing COP versus the
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condenser pressure in figure 4.3. The critical points are connected to
form isotherms.

o}
Te [°C]
22 26 30 34 38
0.5
o4 T, =120°C
n, 03
S
02 140 °C
10°C
0.1 7.5 °C
0.0
25 35 45 55 65

P [mbar]
Figure 4.3: Measured COP versus condenser pressure, boiler and
evaporator temperatures (Eames et al., 1995)

4 .2Effect of Condenser Pressure

Chunnanond and Aphornratana (2004b) conducted experiments to
measure the pressure profile along the secondary nozzle as shown in
figure 4.4.

Negative Positive
—_— Effective Area P —
i - D | ~N——— e ]
Secondary Fluid ™ = s
& =19 mm
] A e e
— Expansion Angle D
‘ Mixing Chamber Throat Subsonic Diffuser ‘
i - > -
[ L |- -
30mm 125 mm 05 mm 180 mm
[ [ L
30.00 40.0 200 200 40.0 27.5 27.5 40.0 35.0 35.0 35.0 350 20.0
T| Boiler Temperature 130°C -—
T| Evaporator Temperature 10 °C e N
Tl Condenser Pressure 40 mBar /, —
Shocking Position
Effective Position | /
i
. —
0 T T T T T T T T
1] 50 100 150 200 250 300 350 400

Distance along Ejecter (mm)

Figure 4.4: Typical pressure profile along an ejector (Chunnanond
and Aphornratana, 2004b)
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The mixing characteristics of the primary and secondary flows can be
explained with the aid of figure 4.4. The top figure indicates the
primary flow that fans out into the mixing chamber without mixing

with the secondary flow. This flow results in a converging duct with

a certain expansion angle for the entrained secondary flow.

The secondary flow is accelerated to sonic speed at the expense of
static pressure. The position where the secondary flow reaches sonic
velocity is referred to as the effective position. This is the position
where the secondary flow chokes and the cross section was defined
by Munday and Bagster (1977) as the effective area. They suggested
that the mixing of the primary and secondary flows only starts after
the effective position and that this causes the rise in static pressure
beyond the effective area (figure 4.4 bottom). Note that the
converging mixing chamber acts as a diffuser to a supersonic flow.

The velocity and pressure of the mixed flow remains constant while it
passes through the constant area throat section of the secondary
ejector. At a certain position in either the throat or diffuser section,
a transverse shock wave is induced creating a compression effect.
This position is referred to as the shocking position. After this
position the velocity of the mixed flow drops to sonic values. The
subsonic diffuser compresses the flow further and the flow exits the
diffuser with low velocity.

Boiler Temperature 130°C « Am B AC oD *¥E e F+ G
Evaporator Temperature 10°C
50— -
@ 40
-‘T_'" 30—
2 20
o
a
10
0— T 1

| [
50 100 150 200 250 300 350 400
Distance along Ejector (mm)

Figure 4.5: Steam ejector static pressure profile along an ejector
at various condenser pressures (Chunnanond and
Aphornratana, 2004b)

Figure 4.5 shows the pressure profile along an ejector for seven
different condenser pressures. Pressures A — E represent the critical
mode and F and G represent the subcritical mode. It can be seen from
the figure that the shocking position moves towards the primary
nozzle as the condenser pressure increases. If the condenser pressure
is higher than the critical pressure, the shock wave is moved so close
to the primary nozzle that the entrainment and mixing process is
influenced. If the condenser pressure is increased further, the ejector
loses its function completely as explained above.
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4.3Effect of Boiler Temperature
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Figure 4.6: Steam ejector at different boiler temperatures
(a) COP versus condenser pressure (b) Pressure profile
(Chunnanond and Aphornratana, 2004b)

Figure 4.6 shows that decreasing the boiler temperature increases the
COP at the expense of critical condenser pressure. The entrainment
and mixing through the primary nozzle can be explained with the aid
of figure 4.6 and figure 4.7. When the boiler temperature decreases
the mass flow rate through the primary nozzle is reduced. This causes
the expanded wave at the nozzle outlet to exit with reduced
momentum and results in a smaller expansion angle. This new longer
entrained duct allows higher secondary mass to be entrained through
the mixing chamber and results in the effective position to move
towards the condenser (downstream). The downstream movement of
the effective position results in the critical condenser pressure to
increase.
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Figure 4.7: Effect of operating conditions on the entrainment and
mixing process in the mixing chamber (Chunnanond and
Aphornratana, 2004b)

4.4 Effect of Evaporator Temperature

When the evaporator temperature is increased, the COP and critical
condenser pressure increases as can be seen from figure 4.8. The
higher evaporator temperature and thus mixing chamber pressure
result in a longer entrained duct as shown in figure 4.7 a. The
primary flow exits the primary nozzle into an area with a higher
pressure and the fanning out is reduced. The longer entrained duct
can entrain higher amounts of secondary flow and therefore the COP
increases. The momentum of the mixed flow increases with a larger
portion of secondary flow entrained. The result is a critical
condenser pressure that increases.
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Figure 4.8: Steam jet ejector at different evaporator temperatures
(a) COP versus condenser pressure (b) Pressure profile
(Chunnanond and Aphornratana, 2004b)

4.5 Effect of Primary Nozzle Exit Position

The primary nozzle exit position (NXP) is defined as the distance
from the primary nozzle exit to the bell-mouth inlet of the mixing
chamber. NXP is positive when the primary nozzle exit is down-
stream of the mixing chamber inlet (figure 4.9).

Tests were conducted by Aphornratana and Eames (1997), Eames et
al. (1999) and Chunnanond and Aphornratana (2004b) to investigate
the effect of the primary nozzle exit position on the system
performance.

Figure 4.10 shows the results when the evaporator heat load is kept
constant and NXP is varied (Aphornratana and Eames 1997). The
entrained flow and condenser pressure is fixed during the test. The
ejector performance improves if the evaporator temperature reduces.
The optimum primary nozzle position is therefore where the
evaporator temperature is a minimum.
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Figure 4.11: Measured evaporator temperature versus primary nozzle
exit position (NXP) and condenser pressure
(Aphornratana and Eames, 1997)

The results from figure 4.10 and 4.11 are:

e With the boiler and condenser pressures fixed, the evaporator
temperature decreases as the primary nozzle exit position
moves towards the mixing chamber inlet. The evaporator
temperature reaches a minimum temperature at a certain
position. Further increasing the nozzle exit position towards the
mixing chamber inlet increases the evaporator temperature.

e For a fixed primary nozzle position and cooling load, the
evaporator temperature decreases when the boiler temperature
increases or the condenser pressure reduces. The effect of the
boiler temperature and condenser pressure reduces when the
value of the primary nozzle exit position is large (primary
nozzle is well into the mixing chamber).

e The optimum primary nozzle exit position was found near the
mixing chamber inlet. ESDU (1986) suggests placing the
primary nozzle exit 0.5 to 1.0 times the mixing chamber
diameter upstream of the mixing chamber inlet (equivalent to
-9 mm to —-18 mm in figure 4.10 and figure 4.11). The primary
steam pressure commonly used in industry, however, is in the
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range of 500 kPa to 2000 kPa. The pressure range referred to in
figure 4.10 and figure 4.11 is 200 kPa to 350 kPa.

* A single optimum primary nozzle exit position cannot be found
and depends on the Dboiler, condenser and evaporator
temperatures and pressures.
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0.30 1 1 1 1 1 1 1 1 1 1 1 1 L
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O ] e . \ \ O mm
0.12 A \ \
= A
0.06 -
O
0.00 T I . T T
30 40 50 60
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Figure 4.12: Measured COP at different primary nozzle exit
positions (NXP) (Aphornratana and Eames, 1997)

Figure 4.12 shows the effect of the primary nozzle position on the
system COP. Moving the primary nozzle exit position into the mixing

chamber reduces the COP but increases the critical condenser
pressure.

Chunnanond and Aphornratana (2004b) obtained similar results
(figure 4.13a, top) and suggests that moving the primary nozzle out
of the mixing chamber results in a larger entrainment duct and
therefore larger entrainment and COP. This is verified by the
pressure at the primary nozzle exit position being higher for a nozzle
further away (upstream) of the mixing chamber (figure 4.13b).
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Figure 4.13: Steam ejector with varying primary nozzle exit position
(a) COP versus nozzle exit position
(b) Pressure profile for various nozzle exit positions
(Chunnanond and Aphornratana, 2004b)

4.6 Primary Nozzle Outlet Area Effect

Eames et al. (1999) investigated the effect of Aatio of primary
nozzle exit and throat area, tA= Aexit/At) on system performance.
Two nozzles with A values equal to 16 and 36 respectively were
tested. Both nozzles had a throat diameter of 2 mm and a divergent
angle of 8°. The nozzle with A= 16 performed about 10 % better
than the nozzle with A = 36. Eames et al. (1999) concluded that a
poorer entrainment performance was the result of increasing the
degree of overexpansion by designing the primary nozzle to have a
larger than critical exit area.
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4.7 Primary Nozzle Throat Area

Agr is defined as the primary nozzle throat area divided by the
secondary nozzle throat area. RA= A{/A4;. Chunnanond and
Aphornratana (2004b) found that reducingr A(reducing A and
keeping A, constant) increases the COP at the expense of the critical
condenser pressure. A smaller primary nozzle throat results in a
smaller mass of primary steam that expands. This results in higher
static pressures at the primary nozzle outlet and the downstream
movement of the effective position.

Eames et al. (1999) obtained similar results. In their experiments the
primary nozzle throat area was kept constant while the secondary
nozzle throat area was varied. Lowering; Athe boiler pressure could

be reduced without changing the evaporator temperature or critical
condenser pressure. Alternatively lowerings Aesulted in increasing
the critical condenser pressure without altering the evaporator
temperature or boiler pressure. In both cases the decreasinggrof A
were at the expense of the entrainment ratio and therefore COP.

4.8 Superheating of Primary Steam

Chunnanond and Aphornratana (2004b) investigated the effect of
superheating the primary steam. The steam from an 8 kW boiler could
be superheated by adding up to 180 W of additional heat to the
primary steam in their experimental setup. Their results indicated
that the superheated level had very little impact on either the COP or
critical condenser pressure. Thus, according to the recommendation
of ESDU (1986), the superheating of steam has no advantage other
than to prevent the damage of the ejector caused by wet steam.

4.9 Operating Conditions

In summary, when designing a steam jet ejector, the critical conden-
ser pressure can be increased by:
* increasing the primary nozzle throat or decreasing the
secondary ejector throat
* increasing the boiler temperature
e advancing the primary nozzle exit position towards the mixing
chamber inlet (up to a optimum point where after it has the
opposite effect)
e increasing the evaporator temperature

The COP can be increased by:

« decreasing the boiler temperature and pressure (up to a
optimum point for a specified critical condenser pressure after
which the COP falls rapidly)

« decreasing the primary nozzle throat area
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e advancing the primary nozzle exit position towards the mixing
chamber inlet

e increasing the evaporator temperature

After the boiler and evaporator temperatures and condenser pressures
are selected and the optimum primary nozzle position is found, the
ejector operation can be described with the help of figure 4.14. This
figure was obtained from work done by Aphornratana and Eames
(1997) with an experimental steam ejector with a movable primary

nozzle.
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Figure 4.14: Performance characteristics of an experimental steam
ejector (Aphornratana and Eames, 1997)

Note that the isotherms represent operation at critical condenser
pressures as explained in paragraph 4.1. Point a on figure 4.14 repre-
sents a normal operating point with, F 130 °C, . = 7.5 °C and P =

Perit = 4.6 kPa (31.4 °C) and the primary nozzle exit position at
26 mm.

If, in a first scenario, the condenser pressure drops to 4.3 kPa (30.2
°C) with the boiler and evaporator temperature remaining the same,
the cycle will operate at point b. Note that the cycle is not operating

at its critical condenser pressure any more. The reason the evaporator
and boiler temperature as well as the COP remain unchanged (line a-
b-c) was explained earlier with the help of figure 4.1 and 4.2.
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The cycle performance can be increased by operating the system at a
new critical condenser pressure. This can be done using one of the
following methods:

Reduce the boiler temperature

e If Ty is reduced from 130 °C to 127.5 °C while the condenser
pressure remains at the new value of 4.3 kPa, the new operating
point would still be point b but the cycle will operate at its
critical condenser pressure. The COP and the cooling capacity
are unchanged butclreduces to 6.5 °C.

e If Ty is reduced from 130 °C to 127.2 °C and the condenser
pressure remains the same, the cycle will operate at a critical
condenser pressure which is point d. The COP improves slightly
and the evaporator temperature drops to 7 °C. The cooling
capacity, however, stays the same.

e If Ty is reduced from 130 °C to 126.9 °C and the condenser
pressure remains the same, the cycle will operate at its critical
condenser pressure at point e. The COP and cooling capacity
rises but the evaporator temperature remains at its original
value of 7.5 °C.

Change the primary nozzle exit position.

e |If the primary nozzle exit position is varied from 26 mm to 11
mm (closer to the mixing chamber) while, Temains 130 °C and
P. stays at 4.3 kPa, the new operating point will be point h.
Note that although point h and b are the same on figure 4.14,
point h operates at critical condenser pressure and refers to the
dotted line isotherms. The COP and cooling capacity remains
unchanged while ¥reduces to 6 °C.

e |If the primary nozzle exit position is varied from 26 mm to 11
mm and T, reduces from 130 °C to 128.5 °C while Pemains at
4.3 kPa, the new operating point will be point i. Note that point
i refers to the dotted line isotherms. The COP and cooling
capacity increases while (Tremains at its initial value of
7.5 °C.

In a second scenario let the condenser pressure now increase to
4.82 kPa (32.1 °C). This value is higher than the design point critical
condenser pressure. Optimal operating can be restored by increasing
T, and keeping T constant. This results in point g. The COP and
cooling capacity is reduced. Alternatively the evaporator temperature
can be increased while the boiler temperature remains the same. The
COP and cooling capacity are increased and result in point f.
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5. EXPERIMENTAL RESULTS

This chapter discusses the experimental results obtained during
system testing. The system was first tested at a documented
temperature of § = 130 °C and compared to published data. The
focus of the experiments, however, was to operate the boiler
temperature below = 100 °C. Primary nozzles with different throat
areas as well as different nozzle positions were investigated. The
effect of boiler temperature and condenser pressure on the system
performance is discussed.

5.1 Familiar Boiler Temperatures

Steam ejectors in the boiler temperature range @f =T 120 °C to
140 °C and T = 5 °C to 15 °C are well documented in literature.
Experiments were done and compared to this documented data to
verify the operation of the experimental setup.

An experiment was conducted on a nozzle with a throat diameter of
di = 2 mm (nozzle 3) at § = 130 °C. This was done at a primary
nozzle exit position (NXP) of 25 mm and  T= 10 °C. The
experimental results are compared to various published data in table
5.1. The experimental results compare well to results obtained by
other authors, especially Sun (1996).

Table 5.1: Comparison of experimental results for a steam ejector
operating at = 130 °C and T= 10 °C

Te [OC] Tb [OC] TC [OC] PC [kpa] CO Pe|ec CO Pwater NXP [mm] At AUthOI’

5 130 30.8 4.47 0.167 0.276 26.16 90 1
7.5 130 315 466 0.207 0.356 26.16 90 1
10 130 31.9 477 0.288 0.473 26.16 90 1
5 130 30.5 438 0.160 - 26 81 2
7.5 130 31.3 459 0.210 - 26 81 2
10 130 32.0 480 0.266 - 26 81 2
10 130 32.2 4.86 - 0.299 - 81 3
10 130 30.0 425 0.284 0.308 25 81 4

1) Chunnanond & Aphornratana (2004) 3) Sun (1996)
2) Aphornratana & Eames (1997) 4) Author - Nozzle 3

There are two thermocouples in the evaporator. There is a thermo-
couple in the evaporator top that measures the evaporator vapour
temperature. The second thermocouple measures the evaporator liquid
temperature at the bottom of the evaporator tank. When referred to
the evaporator temperature in this document, the evaporator liquid
temperature is implied unless otherwise stated. It was observed that
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the evaporator vapour temperature is lower than the liquid
temperature while the system is running.

5.2 Boiler Temperature and Primary Nozzle Throat

Diameter
0.9
—— T, =5°C
08 T - T, =10°C

0.7 1 4 T, =15°C

035 4

0.4 4

03 A

Entrainment Ratio R,

02 1

0.1 -
B =2.34kPa (20 °C)

1 1 1 [
1 T T L

95 100 105 110 115 120 125 130

Boiler Temperature T, [°C]

Figure 5.1: Effect of boiler temperature on entrainment ratio
(Sun, 1996)

It can be seen in figure 5.1 that the system has an optimum boiler
temperature. This optimum is dependent on the evaporator tempe-
rature and condenser pressure. Note that these results may seem to
differ from figure 4.2 where the COP increases when lowering the
boiler temperature. The reason the, R figure 5.1 drops towards the
left (decrease of boiler temperature) is due to the condenser pressure
that is held constant at 2.34 kPa (20 °C) during the experiment. As
the boiler temperature is decreased, the critical condenser pressure of
the specific operating point decreases accordingly. The sudden drop
in COP observed in figure 5.1 is due to the critical condenser pres-
sure that drops below the constant condenser pressure of 2.34 kPa.

The curves in figure 5.1 must be shifted towards the left in order to
find the optimum entrainment ratio (and COP) at a lower boiler
temperature value. In order to achieve this, the secondary to primary
nozzle throat area ratio Amust be decreased. This method is docu-
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mented by various authors (Sun, 1996, Eames et al., 1995, Chunna-
nond and Aphornratana, 2002b). Figure 5.2 represents results obtain-
ed by Sun (1996). Here the condenser pressure, evaporator tempera-
ture and R, are held constant while the boiler temperature varies to
result in the corresponding primary and secondary nozzle throat
diameters. The value of Adecreases from 65.2 down to 29.7 ag T
decreases from 130 °C down to 100 °C.
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Figure 5.2: Theoretical operation of a steam ejector. Primary nozzle
throat diameter, diffuser length and total length versus
boiler temperature (Sun, 1996)

No published data on primary nozzle throat diameters and ejector
profiles could be found for experimental systems that operate below
110 °C. In order to find the nozzle throat diameter that corresponds
to an optimum boiler temperature in the rangg 3 95 °C to 105 °C
and evaporator temperature ofe 7= 10 °C, primary nozzles with
different throat sizes were tested for a constant secondary nozzle
throat diameter of 18 mm. Since a 2 mm diameter primary nozzle
operated at a g = 130 °C, primary nozzles with throat diameters of
2.5 mm, 3.0 mm and 3.5 mm were tested. The results of these
experiments are included in figure 5.3. The specifications of each
nozzle is listed in Table 5.2.
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Figure 5.3: COP versus boiler temperature for different primary
nozzles (R> 2.0 kPa, T>18.3 °C, T. = 10 °C,
NXP = -5 mm)

Table 5.2: Primary nozzle geometries (mm)

Nozzle number A B C D E Ar AR*
5 2.5 10 42.85 8 52.15 16 51.8
6 3 12 51.50 8 43.50 16 36.0
7 3.5 14 60.00 8 35.00 16 26.4

*AR corresponds to a secondary nozzle throat diameterof&0 mm

J,

It can be observed from figure 5.3 that the optimum boiler
temperature can be lowered to 90 °C at the expense of COP. As
explained earlier, the reason for the drop in COP values as the boiler
pressure decreases is due to the condenser pressure of the
experimental setup that was limited to 2.0 kPa (18.3 °C).

C E
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If P. is increased to 2.34 kPa (20 °C) the results would differ from

those shown in figure 5.3. The result of increasing the condenser
pressure is an increase of the optimum boiler temperature and a
decrease in COP values. It is therefore advantageous to have a
condenser pressure as low as possible.

0.5
—o— Nozzle 5 Measured —a— Nozzle 6 Measured —a— Nozzle 7 Measured
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0.0 T L) T - T % T
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Boiler Temperaturepl[°C]

Figure 5.4: COP versus boiler temperature for different primary
nozzles (P> 2.34 kPa, T> 20°C, Te = 10°C, NXP = -5
mm)

5.3 Primary Nozzle Exit Position

The effect of the primary nozzle position on the system performance
is given in figures 5.5 and 5.6. The nozzle exit position, NXP, is
defined as the distance from the primary nozzle tip to the start of the
bell mouth inlet of the secondary nozzle (figure 4.9). The NXP value
iIs measured in mm and is positive if the nozzle tip is downstream of
the bell mouth inlet.

It is clear from figure 5.6 that NXP = -5 mm is the optimum
operating point for Nozzle 7. If the primary nozzle is too far
upstream from the bell-mouth inlet, the COP drops. In a similar
manner, the COP drops if NXP is too large (inside the secondary
nozzle).
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Figure 5.5: The effect of primary nozzle exit position on system
performance for Nozzle 7
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Figure 5.6: The effect of primary nozzle exit position on system
performance for Nozzle 7
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5.4 Subzero Temperatures

The question whether a steam jet ejector can produce ice often arises.
When the steam tables are examined, it is noticed that saturated
water freezes at a pressure below 0.612 kPa (figure 5.7). As can be
seen from figure 5.7, saturated water is at its triple point when the
pressure equals 0.612 kPa. If the pressure is reduced below 0.612
kPa, either ice or vapour would exist depending on the temperature.

12

solid

©
(o]
1

triple point of water

Pressure [kPa]

0.4 vapour

0.2 L) L) L] L] L] L] L] L] L]
-10 -8 -6 -4 -2 0 2 4 6 8 10

Temperature [°C]
Figure 5.7: The characteristics of water in the vicinity of its triple
point (Cengel and Boles, 2002)
Subzero evaporator temperatures were investigated using nozzle 7

and T, = 105 °C. The results of this experiment are shown in figure
5.8.
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Figure 5.8: Evaporator temperatures versus time

After 5.5 min the evaporator vapour temperature was below 0 °C. The
minimum vapour temperature of -8 °C was reached after about
10 min. Some instability is observed for the time 8 min to 7 min.

After this the evaporator vapour temperature settled just below -5 °C.

Note that the evaporator liqguid temperature settled around 2.4 °C.
The evaporator water is cooled from the top and natural convection in
the water enables the liquid at the bottom of the evaporator to cool
down. The density of water increases as it is cooled down. When the
water reaches a temperature of 4 °C its density, however, starts to
decrease (figure 5.9) and its volume increases. Due to this
phenomenon, natural convection in water that is cooled from the top
does not occur below 4 °C. The liquid at the bottom of the evaporator
iIs cooled from 4 °C to 2.4 °C due to conduction through the water
itself as well as through the stainless steel walls of the evaporator.
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Figure 5.9: Water density in the vicinity of 4 °C
(Cengel and Boles, 2002)

It is suspected that the evaporator liquid froze at the surface. The
suspicion is supported by the water level in the sight glass that rose.
In a test that was conducted, the sight glass level (distance from the
bottom of the evaporator to the water level in the sight glass) rose
from 272 mm to 468 mm. The volume of water liquid only increases

marginally (0.002 %) from 4 °C down to 2.4 °C. The effect of the

water expanding in the evaporator would only be noticed if the water
surface inside the evaporator was frozen and the only place for the
cold water under the ice to expand was up the sight glass (figure
5.10).

The documentation of the operation of a steam jet ejector with
evaporator temperatures below 5 °C could not be found in literature.
Most authors, e.g. Sun and Eames (1995b), stated the following: “One
problem with steam-jet systems is that the cooling temperature can
only be above the freezing point of water.”

Water is often used as a refrigerant in an adsorbtion refrigerator with
zeolite as adsorbent. Cooling is achieved by lowering the pressure in
the evaporator and causing forced evaporation of water. Dupont et al.
(1982) tested such an experimental unit. The unit was powered by
solar thermal heat and used an air-cooled condenser. The unit had a
COP of 0.1 and could produce 7.0 kg of ice per square meter of
collector area. This proofs that ice can be produced by the forced
evaporation of water.
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Figure 5.10: The evaporator during subzero vapour temperatures

Another test was conducted in order to investigate the subzero
evaporator capabilities of the ejector system. Nozzle 6 was used and
the evaporator vapour reached a temperature as low as — 8.5 °C. The
suspicion that ice formed in the evaporator was confirmed by ice

forming at the water level in the evaporator sight glass. This is

shown in figure 5.11.
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Figure 5.11: Ice in the evaporator sight glass

5.5 Comparing Theory and Experimental Results

The theoretical model explained in chapter 3 was put into an Excel

spread sheet. The theoretical model is used to predict a critical con-
denser pressure. The boiler and evaporator temperatures as well as
entrainment ratio values are used to compute the critical condenser
pressure.

In this text, three different theoretical models are used. Each model
has different values forn,, n, and n,. The efficiency values for

“theory 1" arern, =0.85,7, =0.85and7,= 0.95 as suggested by Eames et
al. (1995). The values for “theory 2" arg, =0.8,77, = 0.8 and;,= 0.8
and for “theory 3” they arey, =0.75,/7,=0.75 andy,,= 0.75.

The effect of 5, is relatively small on the critical condenser pres-
sure. A 10% change im, only has a 0.2 % effect oncPsq, has the
largest influence on P A 10 % change ing,, changes Pby 14.1 %.
A 10 % change inng, has a 3.4 % effect oncP It is clear from this

information that the mixing efficiency between the primary and se-
condary streams dominates the performance of the ejector.

Figure 5.12 compares the experimental results of Eames et al.
(1995b) with the three theory scenarios. Note that there are two
experimental COP values (CQR: and CORiater). The same data of
figure 5.12 is plotted COP versus condenser temperature in figure
B.6.
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Figure 5.12: Water and electric COP compared to three theoretical
models. T = 10 °C, AR = 81, NXP = 26 mm
(Eames et al., 1995b)

The experimental results of Eames et al. (1995) show that the
electrical COP is on average 60% lower than the water COP value.
This difference is due to the unwanted heat losses from the boiler and
heat gains to the evaporator from the environment. The water COP
compares well to theory 1 and on average only differs by 3.5 %. The
complete range of experimental data from Eames et al. (1995b) is
tabulated in table A.1.

Since the theory does not make provision for the primary nozzle exit
position, the best COP values obtained for Nozzle 7 were used to
compare to the theory. The best COP results were obtained at
NXP = -5 mm. Nozzle 7, with 4= 10 °C and § = 95 °C to 105 °C
was compared to the three different theory scenarios in Figure 5.13.
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Figure 5.13: Electric and water COP compared to three theoretical
models. T = 95 °C to 105 °C, T= 10 °C, AR = 26.5

As expected and can be seen from figure 5.13, the water and electric
COP differ. The electric COP differs in the range of 85.3 % to 99.1 %

in comparison with the water COP value. This value is considerably

higher than the value recorded by Eames et al. (1995b) of 60%. The
main reasons for this could be that the apparatus used in this thesis
was reasonably well insulated and was operated at lower boiler
temperatures.

The experimental water COP compares the best with theoretical
model three. The water COP correlates on average within 39.4 % with
theoretical model one, within 14.8 % with theoretical model two and
within 10.4 % with theoretical model three.

The apparatus used by Eames et al. (1995b) used a water circulation
pump and spray nozzle system in the evaporator. The lack of such a
system in the apparatus that was tested could be the reason for the
large deviation from theoretical model one. Another reason could be

the lower boiler to condenser pressure ratio at which the tests were
conducted which can lead to higher inefficiencies that will reduce the

system performance.

5.6 Comparison to Published Data

Figure 5.14 and table 5.3 show the experimental results of various
authors. These differ due to the differences in equipment, primary
nozzle exit position and area ratios. Note that E2, E3 and EG6
represent electricity input ratios (CQRc). The other data (E1, E4
and E5) represent entrainment ratios (GQR)).
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Figure 5.14: Comparison of different published data fgr=r95 °C
to 140 °C and ¥ =10 °C

The purpose of this comparison is to form a general idea of work
done until present on steam jet ejectors. From figure 5.14, it could be
concluded that higher COP and loweg,f values would be expected
from the experiments. The Avalue for E5, however, is significant
lower than E1 — EA4.

Table 5.3: Comparison of different published data

Data Series Author* Measured Data System AR NXP [mm] Te[°C]

E1-W 1 CORuyater Closed 81 - 10
E2-E 2 COPRyjec Closed 90 26.16 10
E3-E 3 CORec Closed 81 26 10
E4-W 4 CORater Closed 90 26.16 10
E5-W 5 CORater Open 36 16 10
E6-E 6 CORec Open 81 25 10
*1) Sun (1996) 4) Eames et al. (1995)

2) Chunnanond & Aphornratana (2004) 5) Author — Nozzle 7
3) Aphornratana & Eames (1997) 6) Author — Nozzle 3

49



5.7 Electric Power Input

The electric voltage to each element is recorded by the data logger.
The voltage value is used to calculate the electric power input into
the boiler and evaporator as follows:

P

elec

=VI (5.9)
=V?/R

Only one of the 4 kW elements on the boiler was used during the
tests. The second 4 kW boiler element was only used when the boiler
was heated to its working temperature. In an experiment, the resis-
tance of the 4 kW boiler element that was used during the tests varied
in the range of Rkw = 14.144 Q to 14.185Q as the temperature
varies from 85 — 115 °C (figure 5.15). The total change in resistance
over the mentioned temperature span is 0.@%1This value is 0.32%

of the average resistance of 14.1681 A boiler resistance value of
14.16 Q was used for all calculations in this text unless otherwise
stated.
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Figure 5.15: Boiler element resistance
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The 3 kW evaporator element resistance stayed relatively constant at
Rskw = 17.7Q over the temperature range of 4 °C to 13 °C. Thanc
be seen in figure 5.16.
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Figure 5.16: Evaporator element resistance

5.8 Energy Balance

An energy balance is performed in order to determine the losses in
the system:

Energyn = Energ¥ut (5.10)
Since no work is done by or on the open loop system this becomes:

heat, = heaty: (5.11)
The total energy balance is represented by:

Boiler heat in + Evaporator heat in + Evaporator heat gain =
Condenser heat out + Boiler heat losses + Other heat losses

or

Po_elect Pe_elect Qe = Qc + Qb + Qother (5.12)
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A sample calculation is presented below:

<
L
Py

208.13/14.16
3059.2 W
Qp = 272.2 W*

nnne .
'_\
w
<

Tew in = 15.2 °C
Tcw_out: 18.2 °C
New in = 38.5 kd/kg
hCW out — 55.2 kJ/kg

m’ = 0.205 kg/s

Q. = m'(h; — hy) = 0.205 x (55.2 — 38.5) = 3426.3 kW
Te=09.3 °C

Qe = 2.7 W*

Pe elec= V?/R = 132.13/17.7 = 986.3 W
Qother = I:)b_elec'*' I:)e_elec"' Qe - Qc - Qp
Qother = 3059.2 + 986.3 + 2.7 — 3426.3 — 272.2 = 349.71 W

"These values were obtained experimentally and explained later
in this chapter

The heat losses relevant to the uninsulated boiler top and bottom, as
well as all the other heat losses amount to 349.7 W. This is 11.4 % of
the boiler electrical input. Figure 5.17 shows an infrared photo of the

boiler top and bottom. From the photo, it can be clearly seen that the
major heat losses from the boiler is from the top and bottom flange.

Additional IR images can be found in figure B.3 — B.5.
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(c)

Figure 5.17: Infrared images pertaining to boiler heat losses
(a) The boiler bottom
(b) The boiler top
(c) The complete system
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5.9 Boiler and Evaporator Heat Losses and Gains
5.9.1 Boiler heat losses

Tests were conducted to determine the boiler heat losses. In a typical
test, the thermostat on the boiler elements was set to 100 °C. The test
was conducted over a time span of 32 hours. Boiler temperatures
were maintained near 100 °C and recorded every 15 s. The boiler heat
losses are equal to the boiler energy input. Typical test results can be
seen in figure 5.18.
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Figure 5.18: Boiler temperatures and voltages during a boiler
insulation test at §= 100 °C

The total boiler heat loss versus ambient temperature of the same test
is shown in figure 5.19. The ambient temperature varied in the range

Ta = 12.3 °C to 14.0 °C. The boiler heat losses stayed relatively

constant at 260 W throughout the duration of the test. From figure

5.19, it can be observed that the variation of the ambient temperature
in the recorded temperature range has a minimal effect on the boiler
heat losses.

Similar tests at different boiler temperatures and boiler liquid
volumes were conducted. The results of these tests can be
interpolated to predict the boiler heat losses for a particular boiler
operating temperature and liquid volume.
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Figure 5.19: Boiler heat losses and ambient temperatures during
a boiler insulation test atyT= 100 °C

5.9.2 Evaporator heat gains

An evaporator insulation test was conducted by cooling the
evaporator liquid down to 4 °C. The evaporator heat gain can be
calculated if the evaporator liquid volume and rate of temperature
increase is known.

Figure 5.20 present the results of a test done on 5.6 L of evaporator
water. The evaporator liquid and ambient temperatures were
recorded. From this data it is calculated that the heat gain to the
evaporator is 2.7 W atg= 10 °C. From this it can be concluded that
the evaporator is well insulated. With a typical evaporator cooling
load of 1 kW, the evaporator unwanted heat gain can be neglected.
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Figure 5.20: Evaporator liquid and ambient temperatures

5.10 Additional Data

The reader should note that a data CD is located on the last page of
this thesis. A complete set of all the experimental data can be found
on this CD. This includes the raw data as well as the processed data.
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6. SOLAR POWERED COOLING

6.1 General

The use of solar energy for the boiler of a jet ejector system is not a
novel idea and can be tracked back to the 1960’s (Kakabaev and
Davletov 1966). Various articles have been published suggesting
different working fluids e.g. R113 (Al-Khalidy, 1998), R134a (Alexis
and Karayiannis, 2005 and Selvaraju and Mani, 2006), R141b (Huang
et al., 1998 and Vidal et al., 2006), ammonia (Sankarlal and Mani,
2006), water, methanol and ethanol (Riffat and Holt, 1998). It can be
noticed from the dates of these articles that there is a renewed focus
worldwide into solar powered ejector refrigeration and cooling.

6.2 Practical Solar Powered System Using Steam

Water as working fluid in ejector systems is by far the most

environmentally friendly. Other working fluids e.g. ammonia and

methanol have an inherent safety and health risk and is generally
more expensive.

Up to date, the only published work that could be found on a

practical system that uses steam below 100 °C is Nguyen et al.
(2001). These authors further have the only practical solar powered
steam jet ejector system on which information have been published.
Their solar ejector cooling system was installed in an office building

in Loughborough, UK. It uses heat from an evacuated tube heat-pipe
solar collector array to drive the boiler. Evacuated tube collectors

operate the best in locations as the UK where there are predominately
diffused solar radiation. The solar collector was used for space
heating and domestic purposes during the winter months. The system
was backed by a gas burner that could be used during summer or
winter.

The unit was installed in a single storey building with the condenser
and ejector assembly installed in the roof space. Condenser cooling
water was sourced from an existing pond and was pumped to the
condenser via a strainer using a small submersible pump. The system
utilised a direct expansion evaporator that was installed in the
existing air handling unit. This system has a cooling capacity of
6.7 kW based on a COP of up to 0.3. The condenser pressure is 4.25
kPa (30 °C). The boiler and evaporator temperatures are 85 °C and 8
°C respectively. The system operated without a mechanical pump as
will be explained later. This system can be seen in figure 6.1.
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condenser
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Figure 6.1: Solar powered ejector system in the UK, laboratory setup
(Nguyen et al., 2001)
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Nguyen et al. (2001) failed to specify any critical design data e.g.
primary nozzle throat size, ejector profile and secondary nozzle
throat size, etc. Some experimental data was obtained from the
authors through personal communication. An example of their
experimental results can be seen in figure 6.2. It can be noted from
the figure (additional symbols were added for the ease of the reader)
that the system operates at a boiler temperature ngax 80 °C. The
condenser pressure varied betweepn # 2.66 kPa to 3.21 kPa (T=
23.1 °C to 25.2 °C). The usable evaporator cooled water output was
in the range Tw out= 4 °C to 5 °C.
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Figure 6.2: Experimental data from a steam jet ejector cooling
system installed in the UK (Tony, 2005)

6.3 Practical Implications
6.3.1 Night time cooling

The question of how to cool or refrigerate during the night using
solar energy is quite popular. The use of phase change materials
(PCM) is a simple and passive method of achieving night-time
cooling. A PCM is a chemical mixture that changes phase between
liqguid and solid at a predetermined temperature. Ice is the best
example of a natural PCM.

If solar thermal cooling is used to refrigerate, the inner walls of a
fridge could be lined with a PCM of a preferred temperature. PCM
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has been successfully used in the development of a battery free
photovoltaic powered fridge, as reported by Ewert and Bergeron
(2000). The same techniques can be used for a solar thermal powered
fridge.

Research on using phase change materials in buildings in order to
reduce the cooling load is receiving active research worldwide (Fang
and Zhang, 2006, Arkar et al., 2006 and Nagano et al., 2006).

6.3.2 Part load operation

The main problem with the usage of solar energy lies in part load
conditions. One method to overcome this problem is to use a multiple
ejector system. An array of similar ejectors that are all connected in
parallel and disconnected via valves during the night at each ejector
inlet. As the sun rises and the boiler reaches a certain temperature,
the first ejector is selected by means of a thermostat or similar
device. As more solar energy becomes available, more steam is
produced and thus more ejectors are brought into operation. When the
sun sets in the evening or during cloudy periods in the day, some of
the ejectors are switched off. Using this method, one standard ejector
can be manufactured and used for any size of cooling system. This
method has economically advantages due to lower design and
manufacturing cost. This configuration compensates for the fluctu-
ations in primary mass flow.

In a similar fashion, a multiple ejector system consists of a range of
different ejectors (different NXP and Avalues). Using this configu-
ration, a single ejector is selected by means of a thermostat or other
device in order to sustain an optimal working condition at the current
boiler temperature and condenser pressure. This configuration com-
pensates for the fluctuations in boiler temperatures and condenser
pressures.

Finally, a combination of the two configurations mentioned can be
utilised to compensate for fluctuations in mass flow as well gsafd

P.. These suggested methods are only conceptual and should be
investigated in further studies.

6.4 The Pump

There are two methods to replace the condensate feed pump. By doing
this, the use of electricity is eliminated and the system is purely
powered by thermal energy.

6.4.1 Gravity feed pump

If the condenser condensate outlet is situated 10 m above the feed

water inlet of the boiler, a hydrostatic pressure drop of about
100 kPa will result. A 10 m height difference would be adequate for a
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boiler operating at 101.35 kPa (100 °C) and a condenser at
2.34 kPa (20 °C).
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Figure 6.3: Solar powered steam jet ejector system in the UK, instal-
lation layout (Nguyen et al., 2001)

The cooling system described in chapter 6.3 (Nguyen et al. 2001)
utilised this method as shown in figure 6.3. Here the height
difference between the condenser outlet and boiler inlet is only 7 m.
A one-way valve is located at the boiler inlet. The relatively long
vertical steam pipe that runs from the boiler to the ejector causes
steam condensation to occur. A steam droplet separator is added at
the boiler outlet to ensure dry steam to the ejector.

For more detailed technical information on gravity feed systems used

for steam jet ejectors, the reader is referred to recent work done by
Srisastra and Aphornratana (2005) on this topic. They concluded that
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the addition of a gravity feed system to an existing ejector system
results in no loss of performance.

6.4.2 Duel ejector system
Shen et al. (2005) proposed the use of a second ejector in an ejector

system. The purpose of the second ejector (vapour-liquid) is to pump
condensate from the condenser to the boiler (figure 6.4).

vapour/vapour ejector

primary
steam

L
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of primary
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I::> boiler |::> evaporator _|><]_ condenser |:>

heat m heat in expansion

valve

Figure 6.4: Dual ejector system, general layout (Shen et al., 2005)

heat out

vapour/liqguid

ejector

In their work, a numerical model was used to predict the performance
of the vapour-liquid ejector as well as the complete refrigeration
cycle. The entrainment ratio of the gas-liquid ejector with water as
fluent is superior above any other refrigerant as shown in figure 6.5.
No experimental work was done by Shen at al. (2005). It is predicted
that the performance of this system would not significantly differ
from an ejector system with a mechanical pump. The efficiency of the
vapour-liquid ejector is of the same order as for a small condensate
pump. Additionally, the pump work is typically only 1 % of the heat
input into the boiler and does not have a significant effect on the
COP.
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Figure 6.5: Entrainment ratio for vapour-liquid ejector for different
working fluids (Shen et al., 2005)

6.5 Solar Collectors

The type of solar radiation (direct or diffused) for each location

would determine the kind of solar collector that can be used.
Evacuated tube collectors are superior when compared to flat plate
solar collectors in terms of diffused solar radiation conditions. The

operating temperatures of these collectors are listed in table 6.1.

Table 6.1: Typical operating temperatures of different solar
collectors (Rona 2004 and Assilzadeh et al., 2005)

Type of collector Typical operating temperature
Flat plate collector <70

High efficiency flat plate collector 60 —120
Evacuated tube collector 60 — 130

In a study, Huang et al. (2001) compared three different solar
collectors as listed in Table 6.2.

Table 6.2: Three different solar collectors (Huang et al., 2001)

Collector Type Description Csc[W/°Cm?]
low-cost specially designed single-
A glazed flatplate collector with 3.5

selective surface

a conventional singleglazed sola

collector with a selective surface o7

a vacuumtube solar collector wit
tube-in-sheet fin

63



The efficiency of each collector is given by

,7$C=0'8_CSC : : (6'1)

= mean fluid temperature in the panel [°C]
To = ambient temperature [°C]
G = solar irradiance [W/fj

Csc = collector constant [W/°CA] (Refer to table 6.2)

According to figure 6.6, the evacuated tube collectors are more
efficient than flat plate solar collectors. Flat plate collectors,

however, are less expensive compared to evacuated tube collectors.
Other advantages of flat plate collectors are ease of installation,
durability and that they can be produced locally with simple tools.

This makes flat plate collectors more attractive for developing

countries. The disadvantage of flat plate collectors is that they take
up more space than evacuated tube collectors. Currently no
concentrating collectors, including evacuated tube collectors, are
commercially produced in South Africa.
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Figure 6.6: Efficiency comparison of three types of solar collectors
With Tambient= 25 °C and G = 900 W/Mm(Huang et al.,
2001)
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Figure 6.7: Solar thermal collectors
a) Flat plat solar collector (CEI, 2006)
b) Evacuated tube collector (Norfolksolar, 2006)

Figure 6.7 shows a photo of a plat plate solar collector and an
evacuated tube array typically used for domestic water heating.

6.6 Collector Configurations

Three methods exist for incorporating a solar collector into an

ejector system. They are shown in figure 6.8. Figure 6.8 (a) shows a
direct heating setup. Here the solar collector acts as the boiler. One
disadvantage of this system is that the pump should be sized
according to the required flow rate and system pressure. This makes
controlling the boiler pressure more difficult (Al-Khalidy, 1998).

Figure 6.8 (b) shows a closed-loop system. An intermediate heat
transfer fluid is used to transport heat from the solar collector to the
boiler. For boiler temperatures below 100 °C, water with a corrosion
inhibitor is typically used. Transformer oil is best suited when the
boiler temperature exceeds 100 °C (Al-Khalidy, 1998).

Figure 6.8 (c) shows an open loop ejector system. This system was
experimentally compared to the other two systems mentioned above
by Shchetinina et al. (1987). They found that the open loop system
gave increased efficiency due to the mean collector temperature that
could be reduced. The condensing temperature could be reduced by
the use of municipal tap water. This raises the COP of the system.
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6.7 Economic Aspects
6.7.1 Ejector system

Nguyen et al. (2001) compared their solar powered ejector cooling
system to a conventional vapour compression air conditioner. The
systems were compared over a period of 30 years, which is the
expected lifetime of a typical ejector cooling system. The lifetime of
a vapour compression system is estimated at 15 years. The required
start-up capital calculations was based on an annual interest rate of
6 %. A 600-hour per year running time is assumed. It is assumed that
the ejector system has no maintenance cost while two services per
year are required for the vapour compression system. These amounts
are summarised in table 6.3.

Table 6.3: Equipment purchase cost over a 30-year period
(Nguyen et al., 2001)

Vapour compressic Ejector refrigeration

Expected lifetime (years) 15 30
Initial purchase price (£) 5500 19600
Interest rate (% pa) 6 6
Loan period 15 30
Inflation rate (% pa) 3 3
Replacement required Yes No
Replacement cost (£) 8569 -

Table 6.4: Annual running costs (Nguyen et al., 2001)

Vapour compression  Ejector refrigeration

Total electricity consumption (kW) 2.5 0.3
Cost of electricity (E/kW h) 0.07 0.07
Energy cost (£/h) 0.18 0.021
Running time (h/year) 600 600
Annual energy cost (£) 108 12.6
Service interval (year) 0.5 -
Estimated service cost (£) 120 -
Annual service cost (£) 240 -
Annual running cost (£) 348 12.6

The equipment and running costs for both systems are given in Table
6.4, including the cost incurred over the first 15 years (the assumed
vapour compression system lifetime). Over the 30 years, the ejector
cooling system is slightly more expensive than the vapour
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compression system. The payback period for an ejector cooling
system is approximately 33 years.

A similar economic analysis was performed as part of a proposed
solar powered ejector air-conditioner for a hospital in Mexico. The
system would have a boiler temperature of 160 °C, a condenser
temperature of 30 °C and an evaporator temperature of 10 °C. The
system would have a 13 kW cooling capacity and a predicted COP of
0.62. The economic analysis predicted a payback period of 5 years
(Wolpert et al., 2000 and Wolpert et al., 2003).

In conclusion, the two case studies represented proofed that a solar
driven steam jet ejector air conditioning system is economic feasible.
In general, the viability of a solar powered ejector air conditioner

does depend on the location where the system is installed, which in
turn determines the available sunlight, electricity cost and equipment
prices.

6.7.2 Solar collectors

The solar ejector system of Nguyen et al. (2001) in the UK used
evacuated tube collectors to drive the boiler. A study executed by
Meyer (2005) investigated the use of flat plate solar collectors. It
was concluded that flat plate solar collectors could be used to drive a
steam jet ejector cooling device in locations like Southern Africa
where there is an abundance of direct solar radiation. These systems
could even operate effectively in the winter months, especially in
areas that do not receive winter rain. It was further concluded that
the cost of flat plate solar collectors is about 30 % of the cost of
evacuated tube collectors. The comparison was based on collectors
that produce steam at the same temperature and mass flow rate. Since
the solar collector array is a significant cost component of a solar
driven ejector system, this could dramatically contribute to the
reduction of the total system cost.

6.7.3 Vacuum cooling

Another area where an ejector system has economical advantage is in
the cold food storage industry. The vacuum cooling method becomes
impractical with conventional systems since the large specific

volume of the evaporated gas at low pressures requires compressors
with high pressure ratios and large displacement volumes. Sun and
Eames (1995) concluded that the steam jet refrigeration systems
compete strongly with mechanical compressor systems in these
applications. The practical ability of an ejector system to produce

rapid cooling was discussed in chapter 5.3.
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7. SUMMARY, CONCLUSIONS AND RECOMMEN-

DATIONS

A working prototype of a steam jet ejector was manufactured and
successfully operated at boiler temperatures below 100 °C. From the
work presented in the previous chapters, it can be further concluded
that the steam jet ejector is a viable system on a practical and
economical basis.

7.1 Summary

A summary of the objectives and their outcomes are:

7.1.1 Design and build a small scale steam jet ejector
experimental setup

chapter 2 a small scale steam jet ejector experimental setup was
designed and build. The setup is of an open loop configura-tion
and it can operate at boiler temperatures in the range ,0f B5

°C to 140 °C. Typical evaporator liquid temperatures range from
Te = 5 °C to 10 °C while the water-cooled condenser tempe-
ratures range from Jd= 15 °C to 35 °C. The boiler is powered by
two 4 kW electric element. The cooling load is simulated by a 3
kW electric element. The electric elements are controlled by the
use of a variac. Primary nozzles with throat diameters of 1.5
mm, 1.75 mm, 2.0 mm, 2.5 mm, 3.0 mm and 3.5 mm were manu-
factured. The position of the primary nozzle can be varied rela-
tive to the bell mouth inlet of the secondary nozzle. This is
accomplished by using spacers of different lengths. Only one
secondary nozzle was constructed with a throat diameter of 18
mm. The start-up and operational procedure of the system is
explained in chapter 2.

7.1.2 Explain the fluid dynamic theory relevant to the steam jet
ejector.

The theory based on published work by Eames et al. (1995a) is
explained in chapter 3. The theory accounted for the efficiencies
of the primary nozzle, mixing chamber and diffuser. Out of these
three efficiencies, the diffuser efficiency has the smallest

contribution to the system performance. The efficiency of the

mixing chamber is more dominant than the other two

efficiencies. The theory lacks in defining the effect of variations

in the primary nozzle exit position.

The comparison of the theoretical model to experimental results
proofed that the theoretical model is liable to some extend. That
is for boiler temperatures in the rangge ¥ 110 °C to 140 °C. At
boiler temperatures in the range, E 90 °C to 110 °C the theo-
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retical model seems to be less accurate in prediction of the
system performance.

7.1.3 Explain the function and fluid dynamics of a steam jet
ejector in the context of a literature study

The work of various authors on small scale steam ejectors were
represented in chapter 4. The parameters that govern the func-
tionning of a steam jet ejector are: boiler temperature, evapo-
rator temperature, critical condenser pressure, primary nozzle
exit position and the primary and secondary nozzle throat ratio
ARr. A condenser pressure below the critical condenser pressure
and the super heating of the primary steam has a negligible or no
effect on the system’s operation.

7.1.4 Verify the operation of a small scale steam ejector system
at familiar boiler temperatures

The operation of a steam ejector is well documented in the boiler
temperature range of,I= 110 °C to 140 °C. Chapter 5 compared
experimental results that relate to a boiler temperature of
Tp, = 130 °C and an evaporator temperature @f=r10 °C to that

of data published in literature. The experimental data compare
well to various published experimental data at similar operating
conditions.

7.1.5 As the main aim of this thesis, investigate and document
the proposed operation of the system at boiler temperatures
below 100 °C.

In chapter 5 primary nozzles with throat diameters of 2.5 mm,

3.0 mm and 3.5 mm are tested while the secondary ejector throat
diameter is held constant at 18 mm. The correspondirgvAlues

for these nozzles are 51.8, 36.0 and 26.4. The different nozzles
allow the boiler to operate in the temperature range of 85 °C to
110 °C.

E.g. the system operated at a boiler temperatupe=T95 °C, a
corresponding evaporator temperature ot E 10 °C and a
critical condenser pressure of;R = 3.00 kPa (25.2 °C) to yield
an electrical COP of 0.253.

7.1.6 Investigate the possibility of a solar thermal driven system
Chapter 6 explained by means of a case study that it is possible
to run a steam ejector on solar energy. Although ample work is

published on solar powered ejectors with other working fluids,
very little data could be found on solar powered steam ejectors.
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7.2

7.1.7 Through the above lay the foundation for further research
in this field of research and comment on any new applications
thereof or insight gained into steam jet ejectors powered by low
grade waste heat.

The experiments documented in chapter 5 demonstrated that 7 L
of water could be cooled from room temperature to 2.4 °C in less
than 10 min. The evaporator vapour temperature reached tempe-
ratures as low as -8.5 °C.

According to the author the work presented here should
serve as an aid as well as a motivation for further research on
steam ejectors powered by a low grade heat source including
solar energy.

Conclusions

7.2.1 It can be concluded from the experimental work
presented in chapter 5 that this small scale experimental
test facility was successfully designed and constructed.

7.2.2 From this literature study in Chapter 4 it can be concluded
that the parameters that govern the functioning of a steam jet
ejector are: boiler temperature, evaporator temperature, critical
condenser pressure, primary nozzle exit position and the primary
and secondary nozzle throat ratiorA A condenser pressure
below the critical condenser pressure and the super heating of
the primary steam has a negligible or no effect on the system’s
operation.

7.2.3 From the experimental work presented in Chapter 5 it
can be concluded that it is possible to operate a steam jet
ejector at boiler temperatures below 100 °C.

7.2.4 From this experimental work presented it can be
concluded that a steam ejector can be applied for rapid
subzero vacuum cooling.

7.2.5 It is concluded from the case study that was presented in
chapter 6 that solar powered steam jet air conditioning has
practical and economically viability when compared to
conventional vapour compression air conditioners.
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7.3 Recommendations

7.3.11n practice only closed loop ejector systems are utilised. It
is recommended that a condensate pump be installed between the
condenser and boiler as well as an expansion valve between the
condenser and evaporator. This would reconfigure the
experimental setup from an open loop to a closed loop system.

7.3.2 The theory makes no provision for the primary nozzle exit
position. There exists a lot of uncertainty about the exact method
of the mixing of the primary and secondary streams in the mixing
chamber. It would be of great aid to the design of a steam ejector
utilising low grade heat if the theory could clearly explain the
effect of the primary and secondary nozzle throat diameter ratio
on the optimum boiler temperature.

Further investigation into the theoretical model behind the ejectors
operation is necessary. The theoretical model should be extended
to accommodate the effect of the primary nozzle exit position.

It is technically challenging to measure the exact operation of the
mixing chamber, especially the primary nozzle exit velocity and
pressure. One method of obtaining a better insight into the
functioning of the mixing chamber is by means of computational
fluid dynamics (CFD). It is recommended that the use of CFD be
incorporated in the research of ejectors.

7.3.3 Except for the authors mentioned in this text, no published
data on experimental work done on steam ejectors with boiler
temperatures below oI = 110 °C could be sourced. It is
recommended that more experimental tests be conducted on
steam ejectors with boiler temperatures below 110 °C.

7.3.41t is recommended that further theoretical and experimental
work be conducted with the focus on solar powered ejector
systems. E.g. investigate the possibilities to overcome the part
load conditions, night-time cooling, correct solar collector

selection and eliminating the condensate pump.

7.3.5 No published work or reference could be found to the
application of a steam jet ejector to subzero vacuum cooling. It
is recommended that the possibility to use steam ejectors for
vacuum cooling in the food industry be investigated.
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APPENDIX A — ADDITIONAL TABLES

Table A.1: Experimental results (Eames et al., 1995b)

Te [OC] Tb [OC] Tc [OC] Pc [kPa] COI:élec COl:)water CORheo

5 120 26.5 3.45 0.239 0.404 0.508
5 125 27.8 3.75 0.197 0.344 0.466
5 130 30.8 4.46 0.157 0.276 0.365
5 135 33.4 5.17 0.127 0.251 0.316
5 140 34.4 5.47 0.102 0.178 0.277

7.5 120 27.3 3.65 0.306 0.500 0.597

7.5 125 29.5 4.16 0.250 0.419 0.505

7.5 130 31.5 4.66 0.207 0.355 0.436

7.5 135 33.4 5.17 0.173 0.297 0.379

7.5 140 35.3 5.78 0.138 0.233 0.328
10 120 28.3 3.85 0.369 0.586 0.685
10 125 30.0 4.26 0.328 0.537 0.607
10 130 31.9 4.76 0.288 0.473 0.530
10 135 34.0 5.37 0.237 0.389 0.454
10 140 36.3 6.08 0.188 0.309 0.382

Table A.2: Geometries of different nozzles

Geometries[mm]

Nozzle number A B C D E
1 1.5 6 69.25 8 25.75
2 1.75 7 65.00 8 30.00
3 2.0 8 60.70 8 34.30
4 2.5 8 60.70 8 34.30
5 2.5 10 42.85 8 52.15
6 3.0 12 51.50 8 43.50
7 3.5 14 60.00 8 35.00
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Table A.3: Serial numbers of devices
used in experiments

Device Serial number

IR Camera

Aligent data logger (34970/
Personal computer

2297380101-0001

34970A MY44000670
20020227010

Table A.4: Summary of experimental results

Te_vapour Te_liquid Tp NXP Nozzle COPRec CORyater Teiit[°Cl Perit
[T] [C] [C] [mMm] [number] [C] [kPa]
6.5 9.6 110.8 -5 5 0.383 0.399 >17.0*1.96
6.1 8.6 115.9 -5 5 0.331 - >19.6* 2.29

- - 95 -5 6 - - -

55 8.4 100.3 -5 6 0.231 0.210 18.2 2.11
5.6 8.6 105.3 -5 6 0.222 0.233 20.8 2.44
* 9.5 95 -25 7 0.177 - 19.1 2.22
51 8.1 100.5 -25 7 0.213 0.110 21.7 2.55
4.2 7.7 105 -25 7 0.156 0.129 27.3 3.26
7.0 9.0 91.1 -5 7 0.324 - >16.9* 1.95
6.5 9.4 95.4 -5 7 0.253 0.265 22.6 2.67
7.3 9.8 100.3 -5 7 0.219 0.221 23.5 2.78
6.9 9.8 105.5 -5 7 0.202 0.211 31.6 3.81
6.3 9.1 95.2 15 7 0.203 0.209 21.4 2.52
6.9 9.7 100.3 15 7 0.166 0.151 25.1 2.98
7.1 9.9 105.2 15 7 0.182 0.183 30.1 3.62
6.6 9.1 85.3 35 7 0.193 - >15.6* 1.78
8.1 10.0 90.2 35 7 0.197 - >17.3* 2.00
7.4 9.9 95.2 35 7 0.148 - >17.2* 1.98
7.3 9.7 100.2 35 7 0.122 - >18.2* 2.11
7.4 10.0 105.5 35 7 0.126 - >20.1* 2.35
7.4 10.0 110.9 35 7 0.108 - >18.1* 2.10
7.2 9.8 129.8 25 3 0.284 0.308 30.0 4.25

* normal operating Jvalue (below )
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APPENDIX B — ADDITIONAL PHOTOS/FIGURES

Figure B.1: Previous ejector setup at Stellenbosch University

Super Heater

Pressure Manifold

M1

super heater

> 13
Cooling Water

Boiler

steam boiler

condenser

Receiver Tank

e Il

to drain
wa=  Electric heater [J~-- Liquid level sensor
m Pressure transducer «t Type K thermocouple

S cooling water

Figure B.2: Experimental setups from other authors (Aphornratana
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and Eames, 1997, Left), (Chunnanond and Aphornratana,
2004, Right)

LR

kv

22.4°C

19.6°C

17.4°C

16.2°C

Figure B.3: IR and normal images of the condenser
(a) The condenser top (b) Reservoir and cooling water

O6.8°C
TE.0°C
55.2°C

34.4°C

a1.8°C
Ti.0°C
52.3°C

326°C
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Figure B.4: IR and normal images of the steam pipe
(a) The boiler top and steam pipe
(b) The steam pipe inlet and ejector

(b)

Figure B.5: IR and normal images of the evaporator
(a) The evaporator, ejector and condenser top
(b) The evaporator, ejector, condenser and
steam pipe inlet
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Figure B.6: Water and electric COP compared to three theoretical

models. = 10 °C, AR = 81, NXP = 26 mm
(Eames et al., 1995)

0.28
0.27 1
| COPwat
\ water
0.26 1 \
\\ COPelec
0.25 | \\ - Theory 1
\\ ------- Theory 2
% 0.24 - \\ ———— Theory 3
\ —oco
O 23] \ m Th=95°C
\ e Th=100°C
0.22 *\ A Tb=105°C
\
0.211 i
0.20
0.19

22 24 26 28 30 32 34 36 38 40 42 44

Condenser Temperature [°C]

82



44

Figure B.7: Electric and water COP compared to three theoretical
models. T= 95 °C to 105 °C, ¥= 10 °C, AR = 26.5
0.6
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0.6 C_ EE
o054 00O o« e E3-E
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Condenser Temperature [°C]

Data Series Author* Measured Data System A NXP [mm] Te[°C]
E1-W 1 CORyater Closed 81 - 10
E2-E 2 COPulec Closed 90 26.16 10
E3-E 3 CORec Closed 81 26 10
E4-W 4 CORater Closed 90 26.16 10
E5-W 5 CORater Open 36 16 10
E6-E 6 CORec Open 81 25 10

*1) Sun (1996)
2) Chunnanond and Aphornratana (2004)
3) Aphornratana and Eames (1997)

4) Eames et al. (1995)
5) Author — Nozzle 7
6) Author — Nozzle 3

Figure B.8:

Comparison of different published data far= 95 °C to

140 °C and.T= 10 °C
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APPENDIX C — EXPERIMENTAL SETUP

DRAWING TREE :

Steam Jet Ejector Complete Assembly (SteamJet06_00_O00A)**
Boiler Assembly (SteamJet06_01 00A)
Main Boiler Pipe (SteamJet06_01 01P)*
Flange (SteamJet06_01 02P)*
Flange (SteamJet06_01 03P)*
Male Union (SteamJet06_01 04P)*
Pipe (SteamJet06_01 O05P)*
Flange (SteamJet06_01 06P)*
Condenser Assembly (SteamJet06_02_ 00A)
Pipe (SteamJet06_02_ 01P)*
Flange (SteamJet06_02 02P)*
Flange (SteamJet06_02 03P)*
Pipe (SteamJet06_01 0O5P)*
Union (SteamJet06_01_ 04P)*
Evaporator Assembly (SteamJet06_03 _00A)
Pipe (SteamJet06_03_01P)*
Pipe (SteamJet06_03 _02P)*
Flange (SteamJet06_03 03P)*
Flange (SteamJet06_03_04P)*
Flange (SteamJet06_03 05P)*
Elbow (SteamJet06_03_06P)*
Union (SteamJet06_03_07P)*
Steam Pipe Assembly (SteamJet06_04_00A)
Pipe (SteamJet06_04_01P)*
Elbow (SteamJet06_04_02P)*
Union (SteamJet06_01_ 04P)*
Elbow (SteamJet06_04 03P)*
Pipe (SteamJet06_01 O05P)*
Elbow (SteamJet06_04 _04P)*
Union (SteamJet06_04_O05P)*
Ejector Assembly (SteamJet06_05_ 00A)
Ejector (SteamJet06_05_01P)
Flange (SteamJet06_05 02P)*
Flange (SteamJet06_05 03P)*
Union (SteamJet06_05_ 04P)*
Flange (SteamJet06_05 05P)*
Pipe (SteamJet06_01 O05P)*
Union (SteamJet06_04_O05P)*
T-Piece (SteamJet06_05 _06P)*
Ejector Top Assembly (SteamJet06_06_00A)
Flange (SteamJet06_06_01P)*
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Spacer (SteamJet06_06_05P)*
Spacer (SteamJet06_06_04P)*
Nozzle (SteamJet06_06_13P)*
Union (SteamJet06_05 04P)*
Pipe (SteamJet06_01 05P)*
Union (SteamJet06_04 05P)*

Additional parts
Nozzle (SteamJet06_06_11P)
Nozzle (SteamJet06_06_12P)
Nozzle (SteamJet06_06_13P)
Nozzle (SteamJet06_06_14P)
Nozzle (SteamJet06_06_15P)
Nozzle (SteamJet06_06_16P)
Nozzle (SteamJet06_06_17P)
Spacer (SteamJet06_06_04P)*
Spacer (SteamJet06_06_05P)*
Spacer (SteamJet06_06_06P)*
Spacer (SteamJet06_06_07P)*
Spacer (SteamJet06_06_08P)*
Spacer (SteamJet06_06_09P)*
Spacer (SteamJet06_06_10P)*

*These parts are included on the data CD at the back of this thesis.

**The letter A at the end of a part number indicates that it is an
assembly. The letter P indicates that it is a part.
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