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ABSTRACT

Air conditioning and refrigeration systems for cooling and dehumidification are some
of the largest consumers of energy with most of the systems using electricity or fossil fuels to
operate. Additionally, refrigeration systems typically use refrigerants, which can deplete the
ozone layer and contribute to global warming, as the working fluid during operations.
Therefore, alternative cooling and dehumidification systems need to be developed and
implemented as substitutes to conventional HVAC systems in order to reduce the destruction
of the environment. In addition, it is important that these new non-refrigerant systems provide
the same or better energy performance when compared to conventional system. The application
of ejector and membrane technologies can provide an alternative approach to conventional
systems; therefore, the performance characteristics of these systems are investigated herein by
modelling and simulating.

Four systems were modelled, evaluated, and analyzed in this study with the simulations
for each system being performed by using the Engineering Equation Solver (EES). The first
major system investigated was a conventional cooling system, commonly referred to as a vapor-
compression refrigeration system. The model inputs for this system are hot region temperatures
of 27 to 33°C and cold region temperatures of 6 to18°C, with these regions forming the heat
sinks and sources, respectively. Additionally, the working fluids to the vapor-compression
system were assumed to be either refrigerant R-22, which is still widely used for HVAC
applications, or an ozone-safe replacement, namely (R-410A). The second major system
investigated was a steam-ejector refrigeration system, which has the same inputs as the vapor-
compression refrigeration system. This system has been operated for some time but has seen

only limited applications because of its lack of optimization. Therefore, a particular focus herein
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for this system was the development of an ejector model capable of investigating optimum
performance characteristics. The third major system was the membrane-ejector dehumidifier
that uses a steam ejector for the purpose of creating a vacuum on the low-pressure side of a
membrane, this low-pressure region promotes the removal of water vapor from the ambient air
that is dehumidified as it flows on the other side of the membrane surface. A major difference
between the compressor in the vapor-compression refrigeration system and the ejector in the
membrane-gjector dehumidification system is that the compressor operates with high-cost
mechanical and electrical energy while the ejector operates with low-cost thermal energy, which
is used to produce driving steam in a 90-150°C boiler. The fourth system was also evaluated
with this system being similar to the third system except that a condenser was installed between
ejectors. As noted before, all four systems were simulated with idealized conditions in order to
facilitate modelling. As such, the true value of the investigation reported herein is knowledge
gained regarding the performance of each system as a function of various parameters, rather
than a system to system performance comparison.

For the given conditions and assumptions, the coefficient of performance of the vapor-
compression systems with either refrigerant R-22 or R410A was found to range from 8 to 30,
which is higher than the COP found in real-world operating conditions because of the idealized
model. The steam-ejector refrigeration system which operated at the same heat source and sink
temperature conditions, had COP’s ranging from 2.2 to 6.5. However, a direct comparison of
COP’s for the two technologies is not possible because the ejector system used low-cost thermal
energy, and the idealized assumption. The membrane-ejector dehumidifier gave COP’s of 0.12
to 0.19 but add in a condenser between the two ejectors doubled the COP to 0.44-0.5. Again,
because the membrane-ejector system is the most innovative and complicated of the four

systems, many opportunities exist for improvement and optimization. Of special note, the
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COP’s of the first two system is based on cooling while these last two system COP’s are based
on dehumidification, precluding COP comparison. Another consideration is that non-idealized
assumptions in this study is the significant air leakage through the membrane, and as membrane
improvement are made significant increase in COP’s are expected. Furthermore, the small COP
of the ejector system can be drastically increased if the thermal energy input comes from a

renewable heat sources such as solar or geothermal.
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NOMENCLATURE

A area (m?)

c speed of sound at medium (m/s)

cp heat capacity at constant pressure (kJ/kg. K)
cv heat capacity at constant volume (kJ/kg.K)
COP coefficient of performance

d diameter (mm)

ER entrainment ratio

n efficiency

H static enthalpy (kJ/kg)

h enthalpy (kJ/kg)

K heat capacity ratio

m mass flow rate (kg/s)

M Mach number

p pressure (kPa, bar)

P static pressure (kPa, bar)

p density (kg/m?)

q heat per mass flow rate (kJ/kg)

0,0 heat rejected/absorbed (kW)

R gas constant (kJ/kg. K)

T temperature (C, K)

0] relative humidity or loss coefficient (%)
4 velocity (m/s)

w work per mass flow rate (kJ/kg)

w,Ww Work rate (kW)

W humidity ratio

X1V



Subscripts
1

2,3
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out

pl
py
p2, p3

sy
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2

mole fraction

state condition, outlet of nozzle, number of equipment

state condition, constant area section, number of equipment
state condition

state condition a or air

state condition b

downstream of ejector or compressor
saturated fluid condition

saturated gas condition

system inlet

mixture flow

the system exit

primary flow

primary flow at outlet of nozzle
primary flow at section y-y

primary flow at constant area section
ratio

secondary flow

secondary flow at section y-y

throat of nozzle 1

throat of nozzle 2

vapor

critical condition
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CHAPTER I

INTRODUCTION

Background

Refrigeration and air-conditioning systems are necessary for cooling and dehumidification
in many important applications, such as food storages, petrochemicals, health sectors, and building
air conditioning. Most approaches to achieve low temperature and humidity still use conventional
vapor-compression, which uses a compressor as the main driver, thus consuming a large amount
of electricity and hence fossil fuel. Additionally, conventional vapor-compression refrigeration
systems use refrigerants as the thermal fluid agent during operations, and many of these common
refrigerants have been shown to be harmful to the environment, causing either ozone layer
destruction or global warming. Fortunately, there are alternative cooling and dehumidification
methods that can alleviate these harmful issues, with two of these methods being the Ejector
Refrigeration System and the Membrane Dehumidification system.

Ejector Refrigeration Systems have the advantage over conventional vapor-compression
refrigeration systems in that they do not use refrigerants; rather, these systems can be operated by
using water as the working fluid. Other advantages are the simplicity of the construction does not
require mechanical rotating components and motors for moving refrigerants, but rather steam
ejectors that are easier for installation and maintenance (Chen et al. 2013). Furthermore,
possibilities exist to utilize low-grade energy, such as thermal power from solar energy, small-
scale geothermal, and industrial waste heat to create low-pressure steam that can help to address
the issues related to harming the environment, particularly by reducing greenhouse gases and fossil
fuel utilization.

A number of past studies have investigated the performance of ejectors, with the



performance of ejectors represented by an entrainment ratio, which closely relates to the
performance of the overall refrigeration system (Sun 1993). Of special importance, several models
have been developed to obtain optimum operations and designs for ejectors. Regarding ejector
design, ejectors can be classified into two categories according to the position of the nozzle. The
first design has the nozzle exit located within a constant-area section of the ejector, and this is
known as “constant-area mixing ejector”. The second design has the nozzle located within the
suction chamber, which is in front of the constant area, or and this is known as a “constant-pressure
mixing ejector”. Previous studies have shown that the constant-pressure ejector has a better
performance compared to the constant-area ejector (Huang et al. 1999).

By analyzing the relationship between gas dynamics and constant-pressure mixing in
ejectors, by Keenan et al. (1950), developed a model to predict ejector performance, and Huang et
al. (1999) performed experiments to evaluate ejector operations with different geometries. Of
special notes, the previous model predicted the performance of ejectors in critical modes, while a
new model developed by Chen et al. (2013) predicted the performance of ejectors at both critical
and sub-critical operations.

With regards using ejectors in refrigeration systems, Sun (1997) published the relationship
between ejector performance and system performance, stating that the ejector should be operated
at critical conditions in order to achieve an optimum system performance. However, it was also
stated that operations should not go beyond the critical condition too far because the consumption
of energy can increase, even though the entrainment ratio remains constant because of a choked
condition in the nozzle throat. It was also observed that high evaporator temperatures make the
ejector perform better.

In research reported herein, vapor-compression refrigeration technology and ejector

refrigeration technology will be simulated to better understand how both technologies perform



when applied to cooling and dehumidification. In addition to the previous two technologies, with
membrane-based technology for dehumidification will be simulated to better understand those
parameters affecting both system performance and economic feasibility, which can lead to

performance enhancing design improvement for future application.

Literature Review
Vapor-Compression Refrigeration System

The most common system presently used for refrigeration systems is the vapor-
compression refrigeration system which uses refrigerant as the working fluid. The basic system
consists of four components, namely a compressor, condenser, expansion device and evaporator.
Jensen and Skogestad (2007) showed that the cycle has five steady-state degrees of freedom that
contribute to the performance of the system. Example of these degrees of freedoms are compressor
power, heat transfer in the condenser, heat transfer in the evaporator, and expansion valve opening.
Furthermore, they found that there are three constraints for optimization, which are maximum heat
transfer in the condenser, maximum heat transfer in the evaporator and minimum super-heating.
With the load specified, they found one unconstrained steady-state degree of freedom, which is
the outlet temperature of the condenser.

Presently, the most common refrigerant for vapor-compression refrigeration systems used
for residential cooling are R-22 and R-410A. However, a phase out of R-22 is underway due to
environmental concerns. Payne and Domanski (2002) compared these two refrigerants as outdoor
temperatures ranged from 27.8°C (82°F) to 54.4°C (130°F) as shown in Figure 1 and 2. They
stated that the outdoor temperature increased, the R-410A system performance degraded more

than the R-22 system performance for the same refrigeration capacity. For example, at an outdoor



temperature of 54.4°C (130°F), the R-410A capacity was 9% below R-22, while, the R-410A COP

was only 4% lower than the R-22 COP.
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It can also be seen in Figures 1 and 2 that R-410A has a lower capacity and COP when
the outdoor temperature is above 30°C (86°F) and, then there is a degradation of COP for R-410
relative to R-22 as the outdoor temperature increases. In addition to typical measurement
uncertainties part of the scatter shown in Figures 1 and 2. At a given outdoor temperature was

reported to be due to day-to-day variations of the voltage at the testing facility.

Steam-Ejector Refrigeration System

An advantage of the steam-ejector refrigeration system is that it can replace a compressor
driven system which can in turn reduce the amount of electricity purchased from utility companies
based on utilizing waste heat from the industrial processes. Even though the steam-ejector
refrigeration system has these advantages, it is less dominant compared to vapor-compression
refrigeration system because of its lower coefficient of performance. However, a number of studies
reported in the literature have focused on improving system performance and ejector operations.
For example, a one-dimensional analysis was performed by Huang et al. (1998) to predict and
verify the performance of 11 ejectors that had previously been evaluated. The test result than used
to determine efficiencies of primary flows (1,), secondary flows (7)), loss coefficients due to
geometry (¢, ), and loss coefficients due to mixing flow (¢;,). These coefficients together with
gas dynamic relations predicted the performance of ejectors along with identifying the area ratios
that gave the higher performance.

Several parameters can be used to describe the performance of a steam-ejector system for
refrigeration applications, with Chunnanond and Aphornranata (2003) introducing important

parameters, such as entrainment ratios and pressure lift ratios that can be described as follows.



) ] mass of secondary flow, mg
entrainment ratio, ER = - (D
mass of primary flow, m,

static pressure at dif fuser exit 2)

ressure lift ratio = ,
p f static pressure at secondary flow

The entrainment ratio is related to the energy efficiency of the refrigeration cycle, while the
pressure ratio limits the temperature at which the heat can be rejected. Furthermore, the most
desired ejector is the one that achieves the highest entrainment ratio while maintaining the highest
possible discharge pressure at the given operating conditions.

McGovern et al. (2012) stated that certain regimes are more conducive to achieving a high
ejector performance which corresponds to high entrainment ratio. In this regard, the entrainment
ratio is seen to be the highest when the entrained fluid reaches a choked condition in the mixing
region. By understanding the flow regimes of an ejector, entrainment ratio can be described as a
function of inlet fluid conditions, discharge pressure, primary fluid, nozzle throat area, and mixing
chamber area. Huang et al. (1998) experimental data used to provide an insight into critical
pressure and ejector entrainment ratio based on in three distinct regimes shown in Figure 3 and
described as follows:

1. Double-choking or critical mode as p, < p;, while primary and entrained flows are both
choking, and the entrainment ratio is constant. ER = constant
2. Single-choking or subcritical mode as p; < p. < peg, While only the primary flow is

choked and omega changes with the back-pressure p,

3. Back-flow or malfunction mode as p. < p.o, while both the primary and secondary flow

are not choked, and the entrained flow is reversed (malfunction). ER <0
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Figure 3. Operational modes of ejector reprinted from Huang et al. 1999

To predict ejector performance for all modes, Chen et al. (2013) developed a new model
for both critical and sub-critical regimes based on the development of gas dynamic models by
Huang et al. (1998). The result is a one-dimensional model that can predict the entire range of
operations with an error of less than 20%. Another model also developed by Zhu et al. (2007)
predicted the performance for real-time control and optimization using 2 to 3 empirical parameters
that can be determined from either catalog data or real-time operation.

The working performance of a steam-ejector refrigeration system is measured by the
coefficient of performance that is defined as the ratio between the cooling capacity of the
evaporator and the energy input at the boiler and pump as follows.

Cooling ef fect at the evaporator Q.

COP =

"~ Energy input at the boiler and pump - Qp + W, 3)

It should be noted that, the energy input to the pump is usually negligible being less than 1 % of

the generator heat input and therefore it can be neglected.



As noted previously, the ejector is the most important component in the steam-ejector
refrigeration system. In this study, ejector performance contributes greatly to the overall
refrigeration system performance. In practice, the ejector uses water as the working fluid, because
it is cheap, abundant, and environmentally friendly compared to refrigerants. Chunnanond and
Aphornratana (2004) performed experiments on an ejector refrigeration system with a cooling
capacity of 3 kW and evaporator and condenser temperatures of 5°C and 22°C, respectively. The
overall COP of the system ranged from 0.28 to 0.48, and they found that a decrease in boiler
pressure causes the cooling capacity and COP to rise while the critical condenser pressure was
reduced. In addition, an increase in the evaporator pressure increased the critical condenser
pressure, cooling capacity and COP, but in turn sacrificed the desired cooling temperature. Similar
experiments were performed by Ma et al. (2010) for a system capacity around 5 kW and a COP
ratio around 0.17-0.32. Their experimental results confirmed an observation from Chunnanond
and Aphornratana (2004) about boiler temperature not always being accompanied by the increase
in system efficiency. A simulation study was also performed by Eames et al. (1995). for a small-
scale ejector refrigeration system that used water as the working fluid. Their model was based on
a constant-pressure mixing process, but without considering the choking of the secondary flow,
and it had evaporator and condenser temperatures around 5°C and 26°C respectively.

Sun (1997) carried out an extensive experimental study of an ejector refrigeration system,
confirming that the entrainment ratio increases with boiler temperature until it reaches a maximum
value and then decreases with boiler temperature. This result, which is shown in Figures 4 and 5,
means that the ejector has an optimum operation for a certain optimum boiler temperature, with
this optimum boiler temperature being the one at which the condenser pressure is critical pressure.
Therefore, the system can achieve maximum performance only when the system operates under

critical condenser conditions, which means that for a given condenser pressure the boiler



temperature should be adjusted to allow the ejector to operate at a critical back pressure.
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Figure 4. Entrainment ratio for various boiler operating temperature and evaporator temperature
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The results from Sun (1997) in Figures 4 and 5 also show that as the evaporator
temperature increases then the optimum operating boiler temperature move to a lower temperature,

thus increasing the entrainment ratio and system performance in terms of COP.

Membrane Dehumidification

Air dehumidification has an important role in energy savings because of its effect on
human comfort and the fact that cooling systems can be created by integrating dehumidification
and evaporative cooling. The ASHRAE Standard 62-2001 recommends a relative humidity of 30-
60% for comfort in the indoor environment, while in some special circumstances, such as machine
rooms, museums, and libraries, high humidity should be avoided altogether. Membrane-based
dehumidification technologies have advantages over other HVAC technologies because of their

simple structure, lack of rotary parts, reliability, and high dehumidification performance.

Figure 6. A hollow fiber spacesuit water membrane reprinted from Bue and Makinen, 2011

Yang and Yuan (2013) stated that membrane modules can treat both sensible heat and
latent heat simultaneously, while having a small foot-print, being light weight, with a simple

structure, and being highly compact, with the ability to work continuously without moving parts.,
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Membrane-based dehumidification technology with all of its advantages is finding applications in

HVAC and research is taking place to make this happen.

Research Description
The research performed herein focuses on understanding the performance of ejector

refrigeration technology and membrane-dehumidification technology along with study of a
reference point of consulting of a conventional vapor-compression refrigeration for cooling
applications. Membrane-based technology for dehumidification applications can also be used for
cooling by use of an evaporative cooler located downstream of the dehumidification points. For
this research, each of 4 technologies was simulated for idealized conditions to remove component
performance factors that may not be readily available, especially for the newer membrane-
dehumidifier systems that are just now being studied and designed for applications. The one area
where a non-ideal assumption was made is for the membrane where air was assumed to leaking
through with the water vapor. The modeling was performed in Engineering Equation Solver (EES)
software for a range of operating conditions.

With simulation being performed in four scenarios as follows:

1. Simple vapor-compression refrigeration system

2. Steam-ejector refrigeration system

3. Membrane-ejector dehumidification system

4. Improved Membrane-ejector dehumidification system

The models developed and then simulated are used to obtain system performances, with

primary focus on providing insight and understanding as to the effect that various parameters have
on system performances. These simulations utilize different operating conditions with and these

conditions being described in detail in Chapter 3. Furthermore, these simulations are used to obtain
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the coefficient of performances for each scenario by using either refrigerants for a simple vapor-

compression refrigeration system or steam for others.

Research Objective

The goal of this study is to develop models for 4 air conditioning and dehumidification
scenarios and then to perform simulations at different operating conditions and ambient
temperatures. By studying system performances for these variations, the resulting information can
be used to better understand the operating characteristics of the various ejector systems.

Of special note, the use of ejectors for the proposed dehumidifier system with membranes
is new, meaning no previous studies have been undertaken. Therefore, a particular focus of the
research performed and reported herein will be the modeling and simulation of ejectors, especially
using a new approach to obtain a simple model, and ejector-membrane, system for the purpose of
predicting performances at optimum operating conditions and geometries to include multi-stage

ejectors. Then results can then be used make design improvements for real-world applications.
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CHAPTER II

THEORY

In this chapter, the theoretical background needed for modelling major and system
components are presented for vapor-compression and steam-ejector refrigeration systems and the
membrane-gjector system, especially the general theory about one-dimensional ejector flow with
nozzles and diffusers, vapor-compression refrigeration systems, and steam-ejector. The equations
and concepts from these theories are presented as used in the modelling simulations, which in turn

form the foundation for the research performed herein.

Nozzle and Diffuser

In this chapter, the theoretical background needed to perform a one-dimensional analysis
of nozzles and diffusers will be presented. This compressible gas analysis for the ejector is based
on applying the conservation of mass, the conservation of momentum, and the conservation of
energy through to a changing cross-section area with the ideal gas law as well as property
relationships also being used. The process of an ejector involves supersonic flow where the
compressible flow velocity exceeds the speed of sound represented by the Mach Number. The
isentropic expansion is an important assumption for the nozzle and diffuser model.

The idea of the ejector is to accelerate the velocity of the primary flow through a
converging-diverging cross-section so that critical condition can be reached. Most modern ejectors
usually operate in critical condition in order to obtain a high entrainment ratio, which again is
defined as critical condition. The high velocity from the primary flow sucks vapor by creating a

secondary flow from a vacuum chamber and then joins together with the primary flow.
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Generally, the one-dimensional flow in the ejector can be described with the conservation

equations and the ideal gas law applied to the control volume that is shown in Figure 7.

control surface

Figure 7. The control volume of flow through changing cross-section area

Referring to Figure 7, the conservation of mass is
m = paVaAa = ppVpAp 4)

while the conservation of momentum is

Aa
PaAa + ‘maVa + f PdA = PbAb + meb (5)
Ap

and the conservation of energy is

= hy+ L (©6)

and finally, the ideal gas law is
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— =RT 7
5 (7
where R is the gas constant with units of J/(kg.K), with R being related to its molecular weight by
the following equation

R =

Sk

(®)

where R is the universal gas constant with unit of J/(kmol.K) and M being the molecular weight
with units of kg/(kmol).

The property relationship for compressible flow is

op ap
o= () o+ () o

©

Mach Number

Mach number is a dimensionless parameter, which has an important role in compressible
flow, and it is defined as the ratio of the fluid velocity relative to local sonic speed as follows.

M= local fluid velocity V
~ local sonic speed

c

(10)

For the special case of an ideal gas, the relationship between pressure and specific volume of the

ideal gas is as follows

pv¥ = constant

Y
with the speed of sound for an ideal gas being
¢ = VKRT (12)
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where k is the specific heat ratio for an ideal gas. Furthermore, when M > 1, the flow is said to be
supersonic; when M < 1, the flow is subsonic; and when M = 1, the flow is sonic.

The effect of area change in subsonic and supersonic flows can be derived from the continuity,
momentum, energy equations, as well as property relationships for an ideal gas, which results in

the following equation.

dA dv ) <V>2 av
A %

-) |= -5 a-MH) (13)

The above relationship shows how area varies with velocity. Based on this equation, the following
cases can be identified:
- Subsonic nozzle, dV > 0,M <1 = dA < 0: the duct converges in the direction of flow
- Supersonic nozzle, dV > 0,M > 1 = dA > 0: The duct diverges in the direction of flow
- Supersonic diffuser, dV < 0,M > 1 = dA < 0: The duct converges in the direction of
flow
- Subsonic diffuser, dV < 0,M <1 = dA > 0: The duct diverges in the direction of flow

with all of these cases being described in Figure 8.
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Figure 8. Effects of area change in subsonic and supersonic flows. (a) Nozzles: V increase; h, p,
and p decrease. (b) Diffuser: V decrease h, p, and p increase, reprinted from Moran & Shapiro,

2006

Isentropic Expansion of Ideal Gas
The equation for isentropic flow of an ideal gas is

P
IF = constant (14)

This isentropic equation, along with the basic equations namely continuity, momentum, energy,
second law, equation of state, can be used to determine the properties of local pressure,

temperature, and density at stagnation conditions in an isentropic flow as follows.

K

P Kk—1 K—1
Pressure: — = (1 + MZ) (15)
P 2
Temperature: — =1+ M?
T 2
) K (17)
K — =1
Density: Po _ (1 + Mz)
p 2
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The parameters with subscript 0 refer to stagnation properties. which are constant throughout a
steady, isentropic flow field. The relationship for area A at a given section to area A* that would
be required for sonic flow (M= 1) at the same mass flow rate and stagnation state can be described

as follows

A 1 2 K — 1 (K+1)/2(K—1)
7=l o) (1 ) 0
A* Ml\k+1 2

Using this equation, the variation of A/A* with Mach number is shown in Figure 9, where it can

be observed that a converging-diverging passage with a minimum area section is required to

accelerate a flow from a subsonic to a supersonic velocity.

Choking Phenomena

In order to explain the choking phenomena, a convergent-divergent nozzle with its static
pressure distribution along the flow direction is shown in Figure 10. Flow through the converging-
diverging nozzle is induced by an adjustable downstream pressure at the discharge section; the
upstream supply is constant and stagnation conditions with V; = 0, P, and P}, represent the static
pressure at the nozzle exit and back pressure respectively. The effect on static pressure along the
nozzle of changing the back pressure P, is shown in Figure 10. Specifically, Figure 10 shows that
the back-pressure changes not only the static pressure, but also the flow velocity in term of Mach
number. The flow rate is low when the back pressure Py, is slightly lower than the pressure at the
entrance plane Py, with curve (i) showing the distribution of pressure for this subsonic case. Since
the flowrate is low enough (M < 0.3), the behavior of the flow is incompressible, and the minimum
pressure is reached at the throat. If the back pressure is reduced, which corresponds to case (ii),
the flow condition is still subsonic along the nozzle, although now the flow with its higher velocity

leads to a higher mass flow rate. Since the velocity is higher (0.3 <M < 1), the compressibility of
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the flow must be taken into account. When the back pressure is reduced further which corresponds

to case (iii), the flow at the minimum cross-section area reaches a sonic condition (M = 1). In

addition, the mass flow rate at this condition is a maximum and does not increase by lowering the

back pressure, which is called a choked condition.

Zl=

3.0

Figure 9. Variation of A/A* with Mach number in isentropic flow for x = 1.4, reprinted from

Liao, 2008

The relationships between stagnation conditions and critical conditions can be expressed

for each parameter in the following equations.

Pressure:

K

P* ( 2 )K—l
Py \k+1

Temperature:

T 2
T, k+1

Density:

(19)

(20)
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while velocity at the throat can be expressed as follows

2K
k+1

)RTO (22)

Using Equations 19 to 22, air with k¥ = 1.4, the maximum static pressure drop, temperature, and
density at critical condition are P* = 0.528P,, T* = 0.833T,, and p* = 0.634P,, respectively.

Furthermore, the maximum mass flowrate at critical condition can be derived from equation above

as follows
(k+1)/(k—1)
m = "o E( 2 ) (23)
To yR\k+1

Thus, the maximum flow through the given nozzle is a function of the P, /./ T, ratio.
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Figure 10. Effects of back pressure on the operation of a converging-diverging nozzle, reprinted

from Liao, 2008

When the back pressure is reduced further, below P,, such as conditions (iv) and (V) in
Figure 10, Where P, is below P,, the condition at the nozzle throat section does not change; thus,
neither the pressure nor mass flow is affected by this reduction because the velocity at its throat is
fixed at a Mach number of unity. However, the reduction of back pressure causes adjustments of
flow downstream of the nozzle throat. For example, in case (iv) and (V), the pressure is decreased

as the fluid expands isentropically through the nozzle and then increases to the back pressure

outside the nozzle.
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One-Dimensional Steady Flow in Ejector

The previous section presented the theoretical background for a nozzle, which, for the
primary and secondary flows, forms the foundation for the ejector and its simulation. In this
section, nozzle theory is combined with other theoretical elements to create the ejector theoretical
model.

Keenan et al. (1950) assumed that the mixing of the two streams takes place inside the
suction chamber with a constant or uniform pressure from the exit of the nozzle to the inlet of the
constant-area section, which is essentially a nozzle. Munday and Bagster (1977) postulated that
the primary flow spreads out without mixing with the entrained flow, and then induces a
converging duct that entrains the secondary flow. This converging duct causes the induced flow
to accelerate to a sonic velocity in some cases. The location where the induced flow reaches a
sonic velocity is called the hypothetical, and it becomes an important part of the ejector. In this
study, this hypothetical area is assumed to occur in the constant area section with uniform pressure.

As noted above, in this present study, we assume that the hypothetical throat occurs inside
the constant-area section of the ejector, and as a result, the mixing of primary and secondary
streams occurs inside the constant area section with uniform pressure as shown in Figure 11. This
Figure 11 schematic diagram shows the mixing process of the two streams in the ejector and it
provides significant insight into how the ejector operates.

The ejector model and analysis based on the following assumptions are made in support of the
analysis:

1. The working fluid is an ideal gas with constant properties C,, and k.

2. The flow inside the ejector is steady and one-dimension.

3. The kinetic energy at the inlets of the primary and suction ports, and along with the exit

of the diffuser, are negligible.
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For simplicity in deriving the one-dimension model, the isentropic relations are assumed
to be applicable.

After exiting the nozzle, the primary flow spreads out, without mixing with the secondary
flow until reaching the cross-section y-y (hypothetical throat), which is inside the constant
area section, as shown in Figure 11.

The two streams mix at cross-section y-y (hypothetical throat) with uniform pressure, i.e.
Byy = Py, which is upstream of the shock is at the cross-section s-s

The secondary flow isassumed to be choked at the cross-section y-y (hypothetical throat)

The inner wall of the ejector is assumed to be adiabatic

Suction chamber Constant—area section Diffuser
X primary-flow
core
m 5 shock | S
nozzle |

S~ ) i '
——_ %Ry
32N Az

S
E —_——— e e

. ———l— = ———— ——— = T ———— e ———— e —  ——
primary % af 23 ;J 3 ¢ to
S -
throat ! - ’:\"Tg)"‘ condenser
A, - _i
.
-—
constant-pressure
mixing

secondary flow
(entrained flow)

Figure 11. Schematic diagram of ejector layout and the fluid flow, reprinted from Huang 1998

Primary Flow at Nozzle

In the choking condition, for a given inlet stagnation pressure B, and temperature T,, the

mass flow through the nozzle is governed by the gas dynamic equation that follows:
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(k+1)/(xk—1)
\/T_p R\k+1

where 1,, is the coefficient of isentropic efficiency for primary flow stream assuming compressible
flow. Using the isentropic flow relations presented earlier as an approximation, the gas dynamic

relationship between the Mach number at the exit of nozzle M,,; and the exit cross section area

Apq and pressure Py, are as follows

(@)2 1 2 1+ (k—1) M2 /e (25)
A, M2 |k +1 2 P
L
P (k—1) )K—l
v 2 26
~(1+ M (26)
Py < 2 1

Primary Flow from Section 1-1 to Section y-y

For flow at section y-y, the isentropic approximation can be used to determine M, as

follows.
1 T
K — K-
By (1 (50) M) ] o7
Pp 1

For the calculation of the of primary flow area at y-y section, Huang et al. introduces a coefficient

¢p, which accounts for loss in the primary flow from section 1-1 to section y-y
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(k+1)/(2(x—1))

(e +1)/(2(k—1)) (28)

This loss may result from the slipping or viscous effects at the boundary of both the primary and

the entrained flows. It can be seen through that with the introduction of coefficient ¢,, in Equation

28 above, the loss actually reflects the reduction of throat area A,,, at the y-y section.

Secondary Flow from Inlet Through Section y-y

The secondary flow reaches a choking condition at the y-y section, i.e. My, = 1, and the

pressure at section y-y for a given inlet stagnant pressure of the secondary flow can be expressed

as follow

K

P k—1 K—1
~ (1 —M2> (29)
B (14753

For sub-critical mode operations, it is assumed that there is an effective area where the velocity of
the secondary flow is highest (but lower than the speed of sound in this case), and as such, the
following equation is valid:

M, <1

Py, > P,

with the secondary flow rate at choking conditions being

P.A 2 =
. _ Tsflsy E( )K_l (30)
T T NRWer 1) VT

where 7, is the coefficient related to the isentropic efficiency of the secondary flow.
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Cross-Sectional Area at Section y-y

The geometrical cross-sectional area at section y-y is A3 which is the sum of the areas for

the primary flow 4,,, and for the secondary flow 4, as follows
Apy + Asy = A3 (31)

with the temperature and Mach number at section y-y being

K
L=1+ —— My (32)

K
= =1+——M2 (33)

Mixed Flow at Section m-m Before The Shock
The primary and secondary flows start to mix at section, and then y-y. A shock then takes

place resulting in a sharp pressure rise at section s-s. A momentum balance relationship can be

derived as follows
P [MpVpy + 11Vey | = (112, + 1125 Vi (34)

where V;,, is the velocity of the mixed flow and ¢, is the coefficient accounting for the frictional

loss. Similarly, an energy balance relationship can be derived as follows

: SAT S\ Vi
iy | CoTpy + == | + 105 | CoTsy +—- | = (my, + i) | CpTon + > (35)
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where 1}, and Vg, are the steam velocities of the primary flow and secondary flow respectively

at section y-y

Voy = Mpyapy; apy =\ KRTpy (36)
Vsy = Msyasy; Asy =+ KRT;,, (37)

Mixed Flow Across The Shock from Section m-m to Section 3-3

A supersonic shock takes place at section s-s, resulting in a sharp pressure rise. Assuming
that the mixed flow after the shock undergoes an isentropic process, the mixed flow between
section m-m and section 3-3 inside the constant-area section has a uniform pressure P3. Therefore,

the following gas dynamic relationships are applicable:

B 2wz -1 (38)
Pn k+1
L+ () ma
2 _
M3 = (39)
2 K_l
kM = ()

Mixed Flow through The Diffuser

Assuming an isentropic process, the pressure at the exit of the diffuser is as follows

L

P. k—1 K—1
L _(1 Mz) (40)
Py ( T

For a given nozzle throat area A; and nozzle exit area A,;, the performance of an ejector is
characterized by the stagnation temperature and pressure at the nozzle inlet (T,,B,) and the suction

inlet port (Ts,P;), and the critical back pressure P.. Therefore, 5 independent variables
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(Ty.Py, Ts,Ps, ) are used in the ejector performance analysis. The analysis output includes the
primary flow 11, the secondary flow 771, the entrainment ratio ER, along with the cross-sectional

area A3 and the area ratio A3/A;.

Vapor-Compression Refrigeration System

In addition to the background and theoretical model for the nozzle and ejector that is used
in two of the four systems in this study, another important theoretical model that needs describing
in preparation for a system simulation, is the vapor-compression refrigeration system. To
summarize, the modeling theory and simulation is based on applying the general conservation of
energy to each of four major components that make up a vapor-compression cycle and then
utilizing available refrigerant properties to solve for state point conditions.

As noted earlier, vapor-compression refrigeration systems are the most common cooling
and dehumidification systems in use today, and a typical system consists of an evaporator,

compressor, condenser and expansion valve, as shown in Figure 12.

i | Qout

L1
3 Condenser 2
y
Expansionz Z
Valve
T Evaporator T Compressor

| | GE)I

Figure 12. Schematic of a compression refrigeration system
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In terms of simulations, it is important to note that kinetic and potential energy changes
are neglected in the modelling and analysis of all four components. Because the simulations
performed in this study are for ideal cycles, the following additional assumptions can be made
based on ignoring irreversibilities.

1. There are no frictional pressure drops in the two heat exchangers, meaning the

refrigerant flows is at constant pressure.

2. The heat transfer from and to the refrigerant occurs with a zero driving temperature,
meaning the space and the surroundings are at the same temperature as the adjoining
refrigerant.

3. The compressor follows an isentropic process.

The refrigeration cycle based on the above reversible assumptions, except for the throttling

process, is commonly referred to as the ideal vapor-compression refrigeration cycle. The T-s
diagram for the ideal refrigeration cycle and all of the component processores can be seen in Figure

13.
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Figure 13. T-s diagram of idealized vapor-compression refrigeration system

As a first step in the simulation, models of all four components are derived by applying
the conservation of energy to each component. Referring to Figures 12 and 13, the refrigerant
passing through the evaporator from state 4 to 1, is evaporated as heat is transferred from the
refrigerated space, via either an air or a water flow system, to the refrigerant. Using appropriate
assumptions given earlier, the general energy rate equation can be reduced to a working equation
as follows

Qin = m(hy — hy) (41)

where m is the flow rate of the refrigerant. Of special importance, the heat transfer rate Q;;, is
referred to as the “refrigeration capacity”.
The refrigerant exiting the evaporator as a superheated vapor at state 1, it is then

compressed by the compressor to a state 2 superheated vapor at a higher pressure and temperature.
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An energy rate balance on the compressor, assuming negligible heat transfer to or from the

compressor, results in
W, = 1i(hy — hy) (42)

Entering the condenser as a superheated vapor and exiting as a subcooled liquid, the rate

of heat transfers from the refrigerant to the cooler ambient air, based on an energy balance is

Qout = m(hy — hs) (43)

In the expansion valve, subcooled liquid enters the valve at state 3 and exits as a two-phase liquid-
vapor mixture at state 4. The decrease in pressure caused by irreversible adiabatic expansion, is
accompanied by increase in entropy. The expansion valve can be modeled as a throttling or

constant enthalpy process, which results in
h4 = h3 (44)

The coefficient of performance (COP), represents a cycle, thermodynamic efficiency is
defined as the useful energy divided by the energy that must be input to all components, which is
also the cost of operation. In the case of refrigeration cooling, the coefficient of performance
(COP) of the vapor-compression refrigeration system is the refrigerating capacity, being the
“useful” energy, divided by the “input”, which is compressor work. Substituting useful energy and
input work from the above equations, result in a working equation for the Coefficient of

Performance (COP) as follows

Qin hl - h4
W h’Z - hl ( )

The above COP equation is a general relationship that depends on refrigerant state

conditions only. Therefore, it is in fact applicable to a cycle with irreversibilities, In the case of an
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ideal or reversible cycle, except for the expansion valve, this COP value represents an upper limit,

which still allows for an investigation of performance as a function of system parameters.

Steam-Ejector Refrigeration Systems

The steam-ejector refrigeration system is a heat-operated refrigeration cycle, unlike the
vapor-compression refrigeration cycle presented in the previous section, which utilized electricity
to drive a compressor. This cycle can be driven by low-temperature thermal energy, 100°C-200°C,
which can be either waste heat from many industrial processes or else thermal energy relatively
cheap to produce. Although it is classified as a heat-operated cycle, the system still requires some
amount of mechanical power to circulate the working fluid, which is in a liquid phase, by means
of'a mechanical pump, with the power consumption of the pump being almost negligible compared
to the thermal energy required.

System model, equations, and theory were presented earlier for the steam ejector;
however, the actual hardware for a complete system and its operation can be described in the
context steam ejector schematic shown in Figure 14. As the high-pressure steam P, known as the
“primary fluid”, expands and accelerates through the primary nozzle (i), it fans out with supersonic
speed to create a low-pressure region at the nozzle exit plane (ii) and subsequently in the mixing
chamber. This primary fluid’s expanded wave is thought to flow and form a converging duct
without mixing with the secondary fluid. At the same cross-section along this duct, the speed of
the secondary flow chokes. This mixing then causes the primary flow to be retarded while the
secondary flow is accelerated. By the end of the mixing chamber, the two streams are completely
mixed, and the static pressure is assumed to remain constant until the flow reaches the throat
section (iv). Due to a high-pressure region downstream of the mixing chamber’s throat, a normal

shock with essentially zero thickness, is induced (V). This shock causes a major compression effect
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and a sudden drop in the flow speed from supersonic to subsonic. Further compression of the flow

is achieved (Vi) as it is bought to a stagnation condition through a subsonic diffuser.

Mixing Chamber  _ Throat  _ Subsonic Diffuser

i= et -

|

Effective Area

Primary Fluid
—

Primary

Nozzle Supersonic jet core

Secondary Fluid

Pressure

Velocity

Distance along Ejector
Figure 14. Schematic view and the variation in stream pressure and velocity as functions of

location along a steam ejector, reprinted from Huang 1998

Figure 15 shows the schematic diagram of a complete steam-ejector refrigeration cycle,
which also contains the steam ejector component described previously. Of special importance, a
boiler, an ejector, and a pump can be used to replace the mechanical compressor of a conventional
vapor-compression refrigeration system. As heat is added to the boiler, the ejector draws a low-
pressure water vapor, which is the secondary fluid, from an evaporator. The liquid water
evaporating at the low pressure gets its energy from the remaining liquid water, thus lowering its
temperature and producing the cooling effect of useful refrigeration. The ejector discharges its
exhaust, which includes the secondary fluid, to the condenser where it is liquefied again by
rejecting heat to the ambient temperature. Part of the liquid is then pumped back to the boiler

(primary fluid) while the remainder is returned to the evaporator (secondary fluid) via the throttling
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device. The input required for the pump is typically less than 1 % of the heat supplied to the boiler.

So that, the actual COP is follow

refrigeration ef fect at evaporator
COP = frig ' ff ap (46)
heat input at the boiler

— Boiler <
(O—

Pump

Ejector Condenser

¥

—  Ewvaporator * N‘

Expansion
valve

Figure 15. Schematic of steam-ejector refrigeration system

Figures 16 and 17 show typical performance curves, meaning COP as a function of
condenser pressure and boiler temperature for a steam-ejector refrigeration cycle. At condenser
pressures below the “critical value”, the ejector entrains the same amount of secondary fluid,
meaning changing the condenser pressure has no effect. This in turn causes the cooling capacity
and COP to remain constant, a phenomenon caused by the flow choking within the mixing
chamber. When the ejector is operated in this pressure range, then a transverse shock, which
creates a compression effect, is found to appear in either the throat or diffuser section. The location

of the shock process varies with the condenser back pressure. In that, if the condenser pressure is
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further reduced, the shock will move toward the subsonic diffuser. When the condenser pressure
is increased higher than the critical value, then the transverse shock tends to move backward into
the mixing chamber, and then it interferes with the mixing of the primary and secondary fluid. As
a result, at the higher condenser pressure, the secondary flow is no longer choked, causing the
secondary flow to vary, and the entrainment ratio begins to fall off rapidly. If the condenser
pressure is increased further, then the flow will reverse back into the evaporator, and the ejector

loses its function completely.

0.8 — -
Boiler temp 130°C
Evaporator temp 7.5°C
0.6 — Unchoked Flow
Choked Flow Reversed Flow
a P a
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0.4 —
8 oo —9 O —oa
S. Break Down Pressure
0.2 : \
Critical Pressure ®
\
\
\
" \
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30 40 50 60

Condenser Pressure (mbar)

Figure 16. Performance of a steam jet refrigerator based on experimental data, reprinted from

Eames and Aphornratana, 1997
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Figure 17. Effect of operating temperatures on performance of a steam jet refrigerator based on

data reprinted from Eames and Aphornratana, 1997

As mentioned earlier, if the condenser pressure is below the critical value, then the mixing
chamber is always choked, so that, the flow rate of the secondary flow, is independent from the
downstream (condenser) pressure. In these cases, the water vapor is evaporated from the liquid
causing the cooling on refrigeration effect. The flow rate can only be raised by an increase of the
upstream (evaporator) pressure. since the critical condenser pressure is dependent on the
momentum and pressure of the mixed flow.

A decrease in the boiler temperature and pressure causes the primary fluid mass flow to
be reduced. Because the flow area in the mixing chamber is constant, an increase in the secondary
flow results, which in turn causes the cooling capacity and COP to rise as shown in Figure 17.
However, this causes the momentum of the mixed flow to drop, and the critical condenser pressure
is reduced. On the other hand, an increase in the evaporator pressure, or the ejector’s upstream
pressure, will increase the critical condenser pressure, which in turn increases the mass flow

through the mixing chamber as well as cooling the capacity and COP. Even though raising the
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evaporator pressure helps to increase the entrainment ratio, the net result is a sacrifice of the

desired cooling capability.

Psychrometric Principles

Psychrometrics is the study of dry air and water vapor mixtures, otherwise known as moist
air, with ambient air being the most common example. In fact, it is fair to say that dry air does not
exist except in carefully controlled laboratory conditions. In this section, important parameters that
characterize moist air, along with equations that relate to these parameters, are introduced. There
are two processes that are important for membrane-ejector dehumidification cycles, namely
dehumidification and adiabatic mixing, which are modelled by using energy and mass balances.
The most important parameter for characterizing the composition of moist air is humidity ratio w,
which is often referred to as the specific humidity, and it is defined as the mass ratio of water vapor

and dry air, as follows

0= - (47

Humidity ratio can be related to other parameters by using the ideal gas equation for water vapor

and dry air. Resulting in,

_DVM,

_ 48

m, BT (48)

_ PaVM, (49)
mg =—=
RT

Combining the above equations, while cancelling out gas constants, temperature, and volume, the
humidity ratio can then be expressed in term of water vapor partial pressure. After plugging in the
molecular weight ratio of water to dry air, which is 0.622, and substituting p, = p — p,, where p

is the total pressure (e.g. atmospheric pressure), the resulting equation is
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Dy

27

w = 0.622

(50)

The humidity ratio can also be written in terms of relative humidity ¢, defined as the ratio of the
actual water-vapor partial pressure, p,,, to the maximum possible partial pressure, which is the
saturation pressure, pPgq¢, corresponding to the dry bulb temperature of the moist air, with the result
being

Dy Dy
¢ Pmax  Psat(T) (1)

One of the useful function of the above relative humidity relationship is that it can be used to
calculate water vapor partial pressure as follows.

Py = ¢Psar(T) (52)

The humidity ratio can then be written in terms of relative humidity as follows

o = 0622 2Psac)_ (53)

- ¢psat (T)

Another important parameter in psychrometrics is the dew point temperature, which is
defined as the saturation temperature corresponding to the actual water vapor partial pressure. The
importance of the dew point is that if a moist air sample is cooled, then the temperature where
liquid droplets first appear is the dew point. In addition, if one knows the dew point temperature
then the actual water vapor partial pressure is the corresponding saturation pressure.

The enthalpy of the moist air is an important parameter that is used in the conservation of
energy as applied to psychrometrics. For example, in dehumidification or adiabatic mixing
process, the total enthalpy for a moist air sample is found by summing the component enthalpies
of dry air and water vapor as follows

H=H,+ H,=mgh, + m,h, (54)
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For ease of use, it is better to define moist air enthalpy in terms of humidity ratio and units of dry

air mass by dividing by mass of dry air to obtain h,,, kl/kgair, as follows

H m
hm=—=ha+m—"h,,=ha+a)hv (55)

a a

The individual dry air and water vapor enthalpy are evaluated at the mixture temperature,
otherwise called the dry bulb temperature. In the case of the water vapor enthalpy, h,, the saturated
vapor enthalpy at the dry bulb temperature is used, as a word of caution, when selecting the
individual component enthalpies, the same reference point temperature must be used for dry and
water vapor or else corrections for the reference point values must be applied, which are relatively
straight forward in the case of dry air, especially when specific heats are being used for
determining enthalpies.

For moist air being cooled by a cold surface or a cooling coil, a constant humidity ratio
process is followed, which also corresponds to a constant water-vapor partial pressure. Eventually,
if cooling continues until the dew point is reached then water droplets form, from the water vapor.
As additional condensation occurs, it continuously reduces the humidity ratio and vapor partial
pressure, with moist air remaining saturated or at a 100% relative humidity condition. The above
process where air is cooled to the saturation point or 100% relative humidity, so that the water
vapor is condensed and removed from the moist air is called dehumidification, and the device that
accomplishes this is called a dehumidifier. Both the dehumidification process and the
dehumidification device are shown in Figure 18. In actual HVAC practices, discharging
dehumidified air at 100% relative humidity to a space can cause material and comfort problems,

therefore, reheating at constant humidity ratio is often employed.
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Figure 18. Dehumidification. (a) Equipment schematic. (b) Psychrometric chart
representation.

Of special importance for the study performed herein, reducing the humidity ratio or
dehumidifying air can also be accomplished directly without cooling to 100% relative humidity or
to the dew point. An important example in terms of this study is using the membrane in the
membrane-ejector dehumidification system to remove water vapor from the adjoining flow stream,
which is typically in ambient air. For this case, the humidity ratio of the flowing air is reduced in
a constant temperature process without the need for cooling. Water removal from the air, including
for the case of the membrane-ejector system can be found from a mass balance on the water. so
that, the resulting water removed, liquid in the case of cooling and vapor in the case of the
membrane-ejector system, as follows

My, = My — My, (56)

If m,; = wymy, and Mm,, = w,M,,, are substituted into the above equation then the
amount of water removal either in a liquid or vapor phase from air passing through the

dehumidifier is
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my, = Mg (W, — wy) (57)

Adiabatic Mixing of Two Moist Air Streams

For the membrane-ejector dehumidifier system, it is possible that two adiabatic flow
streams undergo mixing as shown in Figure 19. For modelling purpose, the state points of the two
flow streams, namely 1 and 2, that join are used to find the exiting stream at state point 3, which
is on a line connecting 1 and 2. An example of the schematic flow diagram and the process with

state points on a psychrometrics chart are shown in Figure 19.

2 { ey
Stream 1
Py, Mgy, @y 3 | ey
g Mixed Stream 3
gy, Mgy, by 1 w.
Stream 2 " )
g, Wyg, Wy
-
T, Ts T

Figure 19. Adiabatic mixing of two moist air streams

The governing equations for this mixing process are based on separate mass balances for
dry air and water vapor as follows
dry air:

Mgy + Mgy = M3 (58)
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water vapor:
Myy + My = My3 (59)
and plugging into the humidity ratio, w5 the result is

my3 my1 + My,
(1)3 = =

. . (60)
Mgs3 Mgy + Mg

As we can see in Figure 19, the exiting flow is defined by two properties and so a second
property is needed to go with the fluid property ws. This second property needed to define the
state is T3, and it can be found from an energy rate balance, assuming zero heat transfer and work,
while neglecting kinetic and potential energy change. So that, the resulting equation is

tigy (har + w1hg1) + Mgz (haz + w2hgs) = Mgz (has + w3hys) (61)
where the enthalpies of the entering and exiting water vapor are taken as saturated vapor values at

their respective dry bulb temperatures.
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CHAPTER III

RESEARCH METHODOLOGY

In this research, modeling simulations are carried out to obtain and analyze the
performance characteristic of each of four different types of refrigeration systems. Of special
importance, the simulation processes use assumptions, especially ideal assumption except in the
case of the membrane, to simplify the models and analysis. Each simulation case is run
individually, separately from the others, with an emphasize on evaluating system performances as
a function of parameters and variables to the point of providing insight into how each system
performs and how they can be improved. These simulations were performed, by using the
Engineering Equation Solver (EES), along with thermodynamic properties in the software. This
chapter will explain the process of simulation and describe the parameters that as input and output
in the simulation. Each of the four scenarios will be evaluated for the same input parameters and
conditions and in the case of ejectors extra optimization steps are necessary for identifying the best

values of the design parameters.

Vapor-Compression Refrigeration Systems

The vapor-compression refrigeration cycle uses refrigerants while the ejector systems use
water as the working fluid, which is both cheap and abundant. The refrigerant candidates for this
study are “R-22” and “R-410A”. Although R-22 is discontinued for use in new air conditioning
systems, many systems today still operate with it, making it the reference fluids.

A simple idealized vapor-compression refrigeration system is assumed for the simulation

with a system schematic for simulation being shown in Figure 20.
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Figure 20. Schematic of vapor-compression refrigeration system.

The following assumptions are used in the simulations
- The system uses reversible processes in the evaporator, compressor, and condenser.
- Processes are adiabatic for all components.
- The friction loss of the refrigerant is neglected.
- The temperature difference between the refrigerant in the condenser and hot region along
with the refrigerant in the evaporator and cold region is neglected.
- The output flow from the evaporator is saturated vapor and output of condenser is
saturated liquid.
Limitations on refrigerant operating pressures have been established, and they are presented in

Table 1.
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Table 1. Operating condition for R22 and R410A

Refrigerant R-22 R-410A
Allowable low-pressure 68 psi (470 kPa) 118 psi (815 kPa)
Allowable high-pressure 250 psi (1724 kPa) 400 psi (2760 kPa)

The input of the system.
The range of inputs representing typical indoor and outdoor conditions, otherwise referred

to low and high region temperatures is presented in Table 2.

Table 2. Input parameter for vapor-compression refrigeration system

Input low-temperature high-temperature
Temperature (C) 6-18°C, step = 3°C 27-33°C, step = 3°C
Pressure (kPa) 100 kPa 100 kPa
Humidity Ratio 0.0214 kgv/kga 0.0101 kgv/kga
Relative Humidity Assumed to be 100 % 70%

The number of simulations based on the inputs that were performed are 3 x 5 times with
the high-temperature steps being 3°C for 3 setpoints and the low-temperature steps being 3°C for
5 setpoints. The cold region has a 100% relative humidity as the assumption, so that, the setpoint

temperature at the low temperature is the dew point condition for the cold region.

Ejector Refrigeration Systems

The system uses the ejector to pressurize steam and to induce vapor from a vacuum

condition as shown in the system scenario presented in Figure 21. Huang et al. (1999) conducted
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experiments to analyze the performance characteristics of ejectors. This performance is used to
predict the theoretical area in the ejector that results in higher performances for the boiler and the
best vacuum condition. The mathematical model based on gas dynamic relations developed by
Keenan et al. (1950) was used in the Huang’s experiment to predict the characteristics of the
ejector. Additionally, from the experimental results, Huang determined coefficients for the

primary flow efficiency (7,,), the secondary flow efficiency (7)), including the loss coefficient
due to geometry (¢b,), and the loss coefficient due to mixing (¢,,). These coefficients can all be

used by engineers to predict the characteristic of ejectors for particular working fluids, such as

water, for range of operating conditions.
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Figure 21. Schematic of steam-ejector refrigeration system

An additional investigation was conducted by Chen et al. (2013) to find the predicted
ejector performances in both the critical and subcritical regions, with model results also being

validated with past experiments for a range of refrigerants. Furthermore, they claimed that the
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model can predict performances accurately, with error margins being less than 20%. Therefore,
this model is used in this study to predict the ejector performance, with some modifications being
made to the Mach number estimation at the hypothetical area (4s,)

As explained in Chapter 4, a simple ejector model was obtained and then combined with
arefrigeration cycle model to obtain a combined model capable of being used to evaluate the effect
of ejector performance on the refrigeration system. The simulations were performed by changing
input temperature variables in the hot and the cold regions. Because the ejector works in a critical
condition, the boiler pressure was adjusted to meet this condition, which in turn affected the COP
results. As a final note, the input parameters used in the ejector refrigeration system are the same
as those in Table 2. for vapor-compression refrigeration system.

In this simulation, certain assumptions are applied to the steam-ejector refrigeration
system in order to simplify and remove individualized component performance factors, such as
condenser and evaporator heat transfer coefficient, which are in most cases difficult to determine
and beyond the scope of this study. Therefore, similar to the vapor-compression refrigeration
system, the steam-ejector refrigeration cycle is treated as an idealized system based on the

following assumptions:

reversible heat transfer for condenser and evaporator, meaning the temperature difference
between working fluid (water/steam) and ambient air is neglected.

- processes are adiabatic and reversible in all components, except the throttling process.

- The friction effects in piping and fitting are neglected.

- The ejector process operates in critical condition.

- The boiler output is saturated vapor, the condenser output is a saturated liquid.

The simulation of steam-ejector refrigeration system is carried out in Engineering

Equation Solver (EES) by utilizing the property of water in its library. The outputs of the
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simulation are Coefficient of Performance (COP), the thermal energy required by the system
(Qin), and the entrainment ratio (ER). As noted, a schematic of the ejector refrigeration system

that was modeled in EES is shown Figure 21.

Membrane-Ejector Dehumidifier

The membrane-ejector dehumidifier system that is presented and described in this study
is a new technology has not been studied, or even been mentioned for that matter, in the open
literature. This membrane-ejector dehumidifier system operates by essentially creating vacuum on
one side of a membrane by using a steam ejector, and then using this vacuum to draw water vapor
from ambient air that is flowing at atmospheric pressure on the other side of the membrane, thus
creating a dehumidification process.

A schematic of membrane-ejector dehumidifier is shown in Figure 22 on the vacuum side,
two ejectors are arranged in series in order to create an even lower vacuum pressure, than would
be possible with only one ejector. The operation of the ejector requires that additional steam,
known as the primary flow, be added to the fluid that passes through the membrane, which is
known as the secondary flow. Consequently, heat is rejected to the environment by condensing

the mixing flows steam in the condenser.
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Figure 22. Schematic of membrane-ejector dehumidifier

As can be seen in the Figure 22 schematic, the system operates with the boiler being
supplied by condensate water from the water vapor that is condensed in the condenser. In the
simulation, the membrane is not ideal in that it allows both water vapor and air to pass through to
the vacuum side. If the membrane worked ideally, then it would preclude any air from passing to
the vacuum side of the membrane, and the COP would undoubtedly be much larger. The transfer
of fluids, whether it is water vapor or air, through the membrane occurs due to the vacuum
condition at point 1, which is caused by the ejector system. Furthermore, the ejector forms the
vacuum as the high-pressure stream from the boiler mixes with the membrane stream in the ejector,
in which, is where the pressure increases to the state 2 condition. However, the partial pressure at
the state 2 condition is not high enough to condense the water vapor in the mixture and therefore,
it is necessary to install the second ejector to further increase the temperature and pressure to state
3. At this state, the pressure is high enough to condense the water vapor, meaning the saturation
temperature of the water vapor is higher than the ambient temperature air used to cool the
condenser. The net result is to decrease the humidity ratio of the fluid flow rejected to environment,

which required the use of an energy-consuming vacuum pump.
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The performance of the ejector is determined by the geometry of the ejector, and therefore,
optimization is performed in this simulation by changing the geometry of both ejectors in order to
find the best performance for a given mass flow rate. Therefore, to find the minimum energy
consumption by the boilers, the system was simulated for many cases. Using a range of input
variables and geometries for specific operating conditions. Example of inputs that are important

for the system are listed in Table 3.

Table 3. Input parameters for the membrane-ejector dehumidifier.

Parameter Value
Mass flow of air from membrane (my,) 0.4 kg/hr
Mass flow of water vapor from membrane (mg,) 5.2 kg/hr
Vacuum Temperature (T, ) 27-33°C
Vacuum pressure (pgq) 1.6 kPa
Ambient temperature (Ty,p) 27-33°C
Ambient pressure (Pgmp) 100 kPa
Outlet pressure of dehumidifier (pys) 11.3 kPa
Boiler Temperature (T,) 90-150°C
Nozzle diameter of ejector I (d;q) 2.5 mm

As can be seen in Table 3, the membrane used in this study is assumed to transport a
specific amount of water vapor and air to the vacuum chamber on low-pressure side of membrane.
The above amounts, namely 0.4 kg/hr for air and 5.2 kg/hr for water vapor, are based on the
ambient air losing water vapor as it passes over the membrane until its water vapor partial pressure

is assumed to have the same partial pressure as on the vacuum side of the ejector. It is also
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important to note that these flow rate value are for one specific non-ideal membrane used in recent
experiments. In that regard, the results of this simulations are presented only as an example of how
the models developed and presented in this can be in future analysis and design. For these
parameters, the size of the first ejector can be optimized, which matches the supply of steam from
the boiler for a critical condition. The output of ejector 1 then enters ejector 2 where optimization
is again performed to find the correct geometry and boiler pressure that enables the ejector to
induce the water vapor at the critical condition.

The optimization of the ejector is carried out by running simulations with different boiler
temperatures, because boiler temperature controls the ability of the ejector to entrain the water
vapor and air that passes through the membrane, also, different optimum geometries for the ejector
correspond to different boiler temperatures. Minimum boiler energy consumption is the objective
for optimization, in addition to entrainment ratio (ER). The flowchart of the simulation process
and optimization is presented in Figure 23.

Similar to the other two systems, the membrane-ejector dehumidifier model is assumed to be
idealized except for the membrane and the mixing process where the mixing coefficient (¢b,,,) is
assumed to be 0.88 taken from Huang et al. (1999). Furthermore, the assumptions applied to the
System are

- The process is adiabatically reversible in all components.

- No temperature difference between water vapor inside condenser and the ambient

temperature (perfect heat transfer).

- No friction loss in the system.

- The boiler produces saturated steam.

- The outlet of the ejector is in saturated steam.

- The pump operates with isentropic compression.
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- Membrane is non-ideal, allowing air to pass through with the water vapor.
The simulation focuses on the entrainment ratios and coefficient of performance as a function of
other parameters along with the characteristics of the ejector. Since the system simulated has two
boilers, the coefficient of performance, useful divided by cost, is defined as follows:

H
cop=——— (62)
Qinl + Qinz

Where H is the total mixture energy passing through the membrane, while Q;,,; and Q;,, are the
heat inputs to the boiler. Because the work of the pump is less than 1% of total energy input, it can

be neglected
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Figure 23. Flowchart of membrane-ejector dehumidifier calculation

As can be seen in the Figure 23 system simulation flowchart. the iteration is carried out in first and
second ejector calculations. The parameter that can affect and adjust mass flow rate the most is

area ratio (A4,), because this parameter determines the size of the hypothetical area of the
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secondary flow (A, ) required to reach critical conditions. The iteration uses the bisection method
since this method gives a less expensive calculation process, and in addition, it can reduce the
calculation time by only 10% for a step increase in iterations. In the second ejector, the
optimization is carried out by checking the downstream pressure (p.) as input, which should match
(p?) the calculation at the critical condition. The downstream pressure can be adjusted by finding
the nozzle diameter geometry for the primary flow in ejector 2 (d;). The condenser liquifies the
water vapor by rejecting heat to the ambient. Finally, the output parameters of this dehumidifier
system predict the coefficient of performance (COP) for the ejector system, again as shown in

Figure 23 flowchart.

54



CHAPTER IV

EJECTOR MODEL SIMPLIFICATION

The procedure used herein for ejector modeling is similar to that used in Chen’s study to
obtain the characteristic of ejector performance. However, in the study reported herein, the
modeling effect focus on simplification by fixing some constraints and by using given assumption.
The entrainment ratio, which is an important performance parameter is a function of numerous
parameters, ER = f (pp, Ds: Per Tp, Ts, Ag, Ar). Based on following assumptions, the model can be
simplified:

- Ejector operates in critical conditions for both primary and secondary flows, so that

(M, = M,y = 1).

- Ejectors work with idealized conditions such as (1, = 1y = ¢, = ¢, = 1).

- The water vapor exiting the boilers, and condenser is in a saturated condition.

- The ejector is adiabatic, reversible.

- The shocks occur within the constant area section of the ejector.
The process of ejector simplification using these assumptions is explained in this chapter with the
background that this is the most important component in the steam-ejector refrigeration system
and the membrane-ejector dehumidification system. The procedure to obtain the simplification
form is described in the Figure 24 flowchart.

In this procedure, the output is either a critical condition or subcritical condition. The
geometries of the ejector in this study are taken from experimental studies, especially experimental
studies performed by Eames and Aphornratana (1997). These geometries are sizes of the ejector
that one would expect for air conditioning applications. Based on the above discussion, the input

parameters for the ejector are described as follows:
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- Saturated temperature of boiler T, 290 - 100°C

- Saturated temperature of vacuum T :6-18°C

- Saturated temperature of downstream T :27-33°C

- Nozzle throat diameter d; : 2 mm

- Constant area section d5 : 19 mm, 24 mm, 29 mm
- Error tolerance ¢ :0.2%

- Working fluid : Steam

These parameters are input to the simulation, and the iteration step parameter is the Mach
number at a hypothetical area (M sy), which is used to determine whether the condition is either in
the critical mode or subcritical mode. For this study, the iteration step parameter (AM Sy) is set to

be 0.01. The pressure of the boiler, vacuum, and downstream are obtained from the steam
thermodynamic tables for a saturated vapor condition, which Huang used to predict the ejector

performance in their study.
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Figure 24. Flowchart of ejector calculations for critical and subcritical conditions
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The inputs ranges used in the simulation were set to the needed conditions driving the
operation of the steam-ejector refrigeration system by using incremented step change. For
example, with the saturated temperature of the boiler (Tp) was varied from low to high
temperatures by increasing in 10°C increments for every simulation. This variation also applies to
other parameters, such as the saturated temperature of the vacuum (T), and the saturated
temperature of discharge (T,) both increasing by 3°C for both inputs.

The Figures 25 comparison between the model in this study and the experimental data of
Huang validate the simplified model. This validation uses parameters from the study conducted
by Huang including the coefficient of loss such n,,, 15, ¢, and ¢y, as inputs. Huang’s study used

refrigerant R141b as the working fluid. The result of validation can be seen as follows.
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Figure 25. Comparison between experimental result (Huang et al. 1999) and theoretical

prediction from Chen, Huang, and present model
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As can be seen in Figure 25, there are three models that are compared in this validation
plot. Huang’s model is developed from the Keenan (1950) model of the ejector, and which changes
the cross-section area of the constant area section in the ejector so as to obtain the experiment
results, which is represented by the red square markers in the Figure 25 validation plot. Chen’s
model is based on further development of Huang’s model, which predicts the characteristics of the
ejector in a critical and subcritical region by changing the pressure at the hypothetical area of the
secondary flow. The orange diamond marker represents Chen’s model, while the simplified model
in this study modifies the Chen’s model by changing the iteration step parameter to the Mach
number of the secondary flow in the hypothetical region. The round blue cap represents the current
model study.

From the Figure 25, Chen’s model shows the highest accuracy compared to the experiment
results of Huang and the current model study. Huang’s model has an accuracy with less than 20%
error while Chen model’s prediction accuracies have almost all points located under a 10% error
tolerance. The current simplified model, which use the same parameters as Huang’s model, has
predictions that are only slightly less accurate than the Chen’s model, which is a trade-off with
major simplification being made. The current model can predict the entrainment ratio with less
20% error, which means the simplified model is validated.

An important step in the simplification method is to curve fit the ejector model output so
that it can be integrated with the system models. Specifically, a non-Linear Least-Square
Regression (nLLSR) is used to curve fit performance data which can then be used to predict the
performance of ejector. This simplification was also carried out by Zhu et al. (2007), which
obtained performance equations for control and optimization by using two or three empirical
parameters to predict ejector performance. In the current study, two non-dimensional parameters

are used to obtain the entrainment ratio (ER). These parameters are the area ratio (4,.), namely the
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nozzle throat area (A;) divided by the constant area section of the ejector (43), and the pressure
ratio (p,-), namely the boiler pressure (pp) divided the vacuum pressure (ps). A plot of the

simulation results is presented in Figure 26 for the above parameters.
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Figure 26. Performance plot for steam ejector using present model in critical condition

The characteristics and behavior of the three parameters plotted in Figure 26 provides
insight into ejector operations. For example, the entrainment ratio (ER) decreases with increases
in the pressure ratio (p;-). This behavior confirms the statement from McGovern et al. (2012) who
stated that the increase of primary pressure (p,) which in turn increases the pressure ratio (p;.)

since p, = p,/Ps , it decreases the amount of entrained vapor from the vacuum chamber. In
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Summary, the primary pressure and the pressure ratio have an inverse relation to entrainment ratio
(ER).

Another observation from Figure 26 is that the area ratio (4,) will increase the amount of
entrained vapor (mg) which leads to an increase in the entrainment ratio (ER) since ER = i, /i, .
This area ratio also indicates the ejector size, in that a bigger ejector has a larger cross-sectional
area, which has the added effect of creating larger hypothetical areas for the secondary flow to
pass through the ejector.

The power equation shown below can be used to approximate the ejector performance

data in Figure 26.
power equation: y = ax? +c (63)

From this equation, non-Linear Least Square Regressions are used to find the coefficients of a, b,
and c that best approximates the power performance. Specifically, a MATLAB curve fitting tool
was used to find the coefficients that produced the best optimizing curve with the highest R? and
the smallest Root Mean Square Error (RMSE).
Each of the three plots shown in Figure 26, which represents different areas, was curve fit
as described above and the results for the coefficient values are as follows
- Curve fitting for d3 = 19mm = a =98.72, b = —1.007, and ¢ = —0.06534.
- Curve fitting for d3 = 24 mm = a = 150.2, b = —0.9887,and ,b = —0.0666.
- Curve fitting for d3 = 29 mm = a = 2129, b = —-0.9775,and ,b = —0.07082.
Of special note, the curve fit coefficients result in R? ~ 1 and RMSE < 0.004, which indicates an
extremely accurately fitting for the performance curve.
It is also possible to do combination of the three curves in Figure 26, so as to obtain a

single equation that satisfies the conditions in this study. The regression of the coefficients with
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respect to area ratios (4,) which make the final equation both a function of area ratio and pressure

ratio, was performed, and the coefficient results are presented in Table 4.

Table 4. Regression result using Least-Square approximation

Coefficient Regression equation
a 0.95094,- + 13.033
b —107%42 + 0.00074, — 1.0563
c —3x107742 +5x%x 107°4, — 0.0673

The regression equation, that uses the above coefficients take on a different form and as a
result the entrainment ratio (ER) can be described as a function of pressure ratio and area ratio as
follows:

ER =a (p—p)b +c (64)

Ps

where the coefficient a, b, and ¢ are tabulated in Table 4.

It should be noted that Equation 64 explains the relationship of entrainment ratio to its
parameters for the critical condition case. Furthermore, it is also possible to predict the condition
at the downstream of the ejector such as pressure (p.) and temperature (T,), by using an energy

balance relation, so that, the downstream condition can be described as follows

_ whs+hy

= 65
¢ w+1 ©5)

As stated before, because the downstream condition is saturated vapor, the pressure and

temperature can be determined from the value of the downstream enthalpy.
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The final form of the ejector simplification models as described by Equation 64, can be
used to predict the characteristics of the ejector performance. Consequently, this simplified model
is useful for control and optimization, along with making ejector performance predictions by using
only limited data such as geometry and operating conditions, which can be found in product
catalogs. Additionally, by using the simplified ejector model, the calculation of parameters is
easier in that if information is available for two parameters, either in the boiler, vacuum, or

downstream, then third parameter can be determined for a critical condition.
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CHAPTER V

RESULT AND DISCUSSION

Vapor-Compression Refrigeration Systems
The model described and derived earlier was used to simulate the vapor-compression
refrigeration cycle, for R22 and R410A as working fluids. These simulations were performed for
a range of low and high temperature reservoirs representative of residential HVAC applications
and systems, as discussed earlier.
The parameter of focus for discussions in this section is the coefficient of performance

(COP), which are plotted in Figure 27 as a function of high and low side temperature and

refrigerant type.
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Figure 27. Performance curve of vapor-compression refrigeration system for R22 and R410A.
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The results plotted in Figure 27 show that the performance (COP) increases as the
temperature in the cold region (T;) increases, while the performance decreases when the
temperature in the hot region (T ) increases. In other words, HVAC systems are less efficient on
hot days as the outdoor temperature increases. They are also less efficient the more they lower the
temperature of the indoor space, so it is best not to set the thermostat too low. This performance
trend with temperature can also be observed in the COP equation, for a Carnot Cycle, as follows

Tc

cop =
Ty —Tc

(66)

Also shown in Figure 28 is the fact that the R22 lines are always above the R410A lines
for every cold region temperature, which means that R22 has a better performance compared to
R410A. These results confirm the experimental of results from Payne and Domanski (2002), who
stated that for hot region temperatures above 30°C, the performance of R22 is slightly better than

R410A. The above COP performances are summarized in Table 5.

Table 5. Performance comparison of vapor-compression refrigeration for R22 and R410A

R-22 COP R-410A COP

MIN 9.0 8.5

MAX 30.1 28.8

Further performance analysis can be done by focusing on cooling capacity (Q,,,) shown
in Figure 28 and compressor work (k//kg) shown in Figure 30. As can be seen in Figure 28, the
cooling capacity increases with cold region temperatures for both refrigerants. In contrast, the
cooling capacity decreases with increases in hot region temperatures. The cooling capacity lines

appear to linearly increase with hot region temperature. Furthermore, refrigerant R410A has a
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higher cooling capacity compared to R22 at the same temperature. Also, the cooling capacity rate

increases as the low temperature increases, and it is slightly higher for R22 compared to R410A.
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Figure 28. Evaporation capacity in vapor-compression refrigeration system for R22 and R410A
The refrigeration cycle performance also depends on the compressor work (kJ/kg) which

can be analyzed from the Figure 30 plot, where work is shown as a function of the two

temperatures.
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Figure 29. Work of compressor in vapor-compression refrigeration system for R22 and R410
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As can be seen in Figure 29, the compressor work decreases linearly with increases in cold
region temperatures. Additionally, as the temperature of the hot region increases, the work of the
compressor also increases. With R410A generally needing more compressor work compared to

R22.

Steam-Ejector Refrigeration System

Previously the model for the steam-ejector refrigeration system was derived, along with a
new approach for simplifying the ejector to be integrated with the refrigeration cycle. The
combined models formed the simulation developed, which was then carried out for varying hot
and cold temperature conditions similar to those used in the vapor-compression refrigeration
system that was analyzed previously. The results of the simulation are plotted in order to
understand the performance characteristic of the steam-ejector refrigeration system. As a first step,
the performance of the ejector model is investigated to see how it contributes to the refrigeration
cycle model. Next, the ejector performance of the combination simulation results, which forms the
complete cycle are analyzed. The detail calculation process with the EES code can be found in
Appendix B.

Since the ejector operating condition depends on the geometry especially area ratio (4,),
the simulation for performance (COP) was carried out with different area ratios with the results
being plotted in Figure 30.

As can be seen in Figure 30, the performance (COP) of the steam-ejector refrigeration
system increases linearly with increases in the area ratio of the ejector. Essentially, to obtain higher
performances for the steam-ejector refrigeration system, then higher area ratios must be used. This
increase of performance is actually the result of the entrainment ratio being affected by the area

ratio, which was observed in the Figure 31, entrainment ratio increasing as the area ratio increases.
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It should also be noted that the area ratio parameter affects the hypothetical area of the ejector,

which increases the water vapor entrained by the primary flow from the boiler.
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Figure 30. Performance of steam-ejector refrigeration system in different area ratio of the

ejector.

7 —— Ty =27°C, T, = 18°C

—a— Ty = 33°C, T, = 6°C

80 100 120 140 160 180 200 220
4,

Figure 31. Entrainment ratio of the ejector in steam-ejector refrigeration system in different area

ratio.
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Additional understanding can be gained by observing the system behaviors shown in Figure 31 .
Specifically, the entrainment ratio of the steam-ejector refrigeration system increase as the
temperature difference between the high and low temperature reservoirs decrese, with the two
curves representing temperature difference of 27-18°C and 33-6°C, with this 9°C (color in red —
top curve) having the better performance.

The effects of area ratio are known from the above result in that all of the curves in Figure
31 and 32 show increase in the dependent variable, ER and COP, as the area ratio increases. The
next step in analysis will be to focus on the ejector with the highest area ratio of A, = 210.3,
which is shown in both figures. Therefore, for this value of the area ratio, the simulation was used
to find COP for the full range of low and high temperature with the results being plotted in Figure
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Figure 32. Performance of steam-ejector refrigeration system with different hot and cold region

temperature (4, = 210.3).
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As can be seen in Figure 32, the performance (COP) of the steam-ejector refrigeration
system increases with cold region temperature. In addition, the performance decreases, with
increases in the hot region temperature. Furthermore, these Figures 32 curves confirm the fact that
the refrigeration system performance increases with decreases in temperature differences (AT)
between the hot and cold region temperatures. As was shown earlier, entrainment ratio is
proportional to refrigeration system performance. Therefore, combining the results of Figures 31
and 32, it can be stated that the entrainment ratio increases with cold region temperature increases
and decreases with hot region temperature increases.

To better understand the behavior of the steam-ejector refrigeration system, the
performance of major components are investigated, starting with the boiler since it drives the
primary flow to the ejector. As can be seen in Figure 33, the required boiler temperature reaches a
maximum point for certain specific cold region temperatures. Therefore, higher refrigeration
system performances can be obtained by increasing the cold region temperature because less
energy is required to entrain more steam from the evaporator. Furthermore, the performance of the
evaporator can be predicted by using polynomial increases that are proportional to the performance
curves based on the performance equation. In addition, Figure 32 shows that increasing the hot

region temperature will increase the required temperature of the boiler.
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Figure 33. Required boiler temperature in optimum operation for steam-ejector refrigeration

system.

In Summary, the coefficient of performance (COP) of the steam-ejector refrigeration
system for area ratio of 210.3, which produces the best performance is around 2.2 to 6.5 depending

on the input temperature conditions.

Membrane-Ejector Dehumidifier

As explained earlier in Chapter 3, the membrane-ejector dehumidifier is modelled similar
to the steam-ejector refrigeration system in that the ejector system has the same function of
creating a vacuum, which in this case facilitates water vapor being transferred through a
membrane. A major difference in the other with two ejectors. As explained during the development
of the ejector simplification method, the ejector operating system depends on the operating

conditions and geometry of each ejector. In order to obtain the optimum result, a pre-analysis is
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carried out to find the geometry and operating conditions that results in the optimum working
conditions for the ejectors.

The procedure to identify an optimum point is performed by simulating different
geometries and working conditions, by simulating 2880 cases based the input parameters discussed
in Chapter 3.

As can be seen in Figures 34, 35, and 36, the smaller the nozzle diameter of the ejector
No. 1, then the better the ejector performance as measured by ER results regardless the effect of
ambient temperature (T,,,p) or membrane performance as indicated by humidity ratio (w). It
should be noted that the performance of the membrane-ejector dehumidifier in Figures 34, 36, and
36 can be described in terms on overall entrainment ratio for two ejectors, which is the ratio of the
entrained mass vapor to the total mass flow rate of steam from boiler No. 1 and boiler No. 2 as

follows

Mgy

ERoverall = m (67)
p p
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Figure 36. Overall entrainment ratio at humidity ratio w = 10 and Ty, = 30°C

In addition to the increasing of nozzle diameter for ejector no. 1 causing the entrainment
ratio to decrease, it can also be seen for the d;; = 2.5 mm group that the entrainment ratio
increases with increases in boiler No. 1 temperature. This behavior is because ejector No. 1 is the
first ejector, and it thus creates a vacuum condition. Therefore, the temperature of boiler 1 has a
significant effect on the overall performance of membrane-ejector dehumidifier.

Geometry specifications for the ejector and the temperature of the two boilers that
provides the best performance for given conditions are tabulated in Table 6. These values will
henceforth be used in the system simulation. Because the parameters in Table 6 apply for all
conditions, the simulation is carried out to find the membrane-ejector dehumidifier COP by

changing the ambient temperature and membrane performance, w.

74



Table 6. Optimum geometry and condition for given condition.

Description Condition
Throat diameter of nozzle (d;¢) | 2.5 mm
Boiler 1 Temperature (Tpq) 140°C
Boiler 2 Temperature (Tp;) 150°C

Using geometry and conditions from Table 6, the performance of the membrane-ejector
dehumidifier was simulated and plotted in Figure 37, which shows COP increasing with humidity
ratio and being unaffected by the hot region temperature. Specifically, the performance
significantly increases from humidity ratio of 1 to 7; and then the curve increases linearly beyond

the humidity ratio value 7. Of special importance, varying ambient temperature has no significant

effect on the performance.
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Figure 37. Performance curve of membrane-ejector dehumidifier.
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As discussed earlier the ejector performance in this system can also be measured by the
value of the overall entrainment ratio, and therefore the overall entrainment ratio was plotted as a
function of humidity ratio and ambient temperature in Figure 38. As can be seen in Figure 38, the
overall entrainment ratio of the membrane-ejector dehumidifier decreases with increases in
membrane performance. Because higher membrane performances transfer more water vapor from
the air to the vacuum chamber, then the ejectors use more energy to entrain the increased water
vapor going to the ejector. Therefore, more primary steam is needed as a result of the lower
entrainment ratio obtain. In addition, the overall entrainment ratio decreases with increases in
ambient temperature. Because the higher ambient temperature means the water vapor carries more

energy, which makes ejectors work harder.
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Figure 38. Overall entrainment ratio of membrane-ejector dehumidifier

Another important parameter that characterizes the membrane-ejector dehumidifier is
energy consumption with two boilers. The system simulation results reveal that lower energy is

consumed by the system at higher overall entrainment ratios. As can be seen in Figure 39, the
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boiler consumes more energy when the performance of the ejectors increases, which is the result
of the higher membrane performance transfering more water vapor so that more boiler steam is
needed to induce the increased water vapor in the vacuum chamber. Additionally, higher ambient
temperatures slightly decrease boiler consumption since the water vapor in the case of higher

ambient temperatures has a higher energy.
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Figure 39. Energy consumption for membrane-ejector dehumidifier

The membrane-ejector dehumidifier has a COP around 0.12 to 0.19 for the given operating
conditions. Based on the simulations in this study, this number is below the other systems,
however, based on simulation results, the system can be improved by installing an additional
condenser between the ejectors. This modification will reduce the water vapor load on ejector 2
since some amount of water vapor will be condensed in this intermediate condenser. This modified

system is presented and analyzed with next section.
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Improved Membrane-Ejector Dehumidifier

Due to the low performance of the membrane-ejector system at the given conditions that
was analyzed previously, improvement were made to reduce energy consumption at ejector 2 by
adding another condenser between the two ejectors. A schematic of the improved membrane-

ejector dehumidifier is shown in Figure 40.
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Figure 40. Schematic of improved membrane-ejector dehumidifier

As can be seen in the Figure 41 schematic, this system requires two condensers to
condense water and two pumps to supply the boilers with the condensate from each condenser. As
before, both condenser are cooled by ambient air, otherwise refered to the hot region. Of special
importance, condenser I located is between the two ejectors needs a minimum condition in order
for condensation to occur in the condenser. All of the inputs used in the previous analysis remain
the same with the highest hot-region sink temperature being 33°C which gives the minimum partial
pressure for the water vapor to condense. From the steam tables, the saturation pressure at the
highest ambient temperature is 5 kPa. From this information, along with input data for the ejector

dimensions and conditions, the simulation of the membrane-ejector dehumidifier can be used to
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classify the minimum nozzle throat diameter and boiler condition that satisfies the minimum
partial pressure of the vapor between the two ejectors.

Overall entrainment ratios as a function of throat diameter and boiler temperature for
various humidity ratios and ambient temperature are plotted in Figures 41, 42, and 43, and it can
be observed that the optimum throat diameter of ejector I remains the same for different ambient
temperatures and membrane performances. Furthermore, the plots show that at optimum nozzle
geometry of ejector I, the highest performance occurs at the high temperature of boiler I. To

summarize, it can be seen that dyy = 2.5mm and T,; = 150°C results in the highest overall

entrainment ratio for the improved membrane-ejector dehumidifier with two condensers.
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Figure 41. Overall entrainment ratio at humidity ratio w = 13 and Ty, = 27°C
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Figure 43. Overall entrainment ratio at humidity ratio w = 10 and Ty, = 30°C
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Further analysis to find the performance characteristics of the improved membrane-ejector
dehumidifier with two condensers can be carried out by simulating the geometry and conditions
obtained above for different membrane performances and ambient temperatures. As was done
before for the single-condenser membrane ejector dehumidifier. The coefficient of performance
(COP) as a function of ambient temperature and humidity ratio is calculated and plotted for the
two condensers system. As can be seen in Figure 44, the characteristic performance trends of the
improved membrane-ejector system are similar to that of the membrane-ejector system in that the
system performance increases with increases in membrane performance. Also shown in Figure 45
is the fact that the COP performance slightly decreases with the increase of ambient temperature.
As a comparison, the improved system has a higher performance than the original ejector

dehumidification system.
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Figure 44. Performance curve of improved membrane-ejector dehumidifier
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As can be seen in Figure 45, this new system has a different characteristic from the original
membrane-ejector dehumidifier. Specifically, the improved membrane-ejector dehumidifier
consumes less energy, with the reason being that the water vapor is condensed in the condenser
between the ejectors, which means that the second ejector needs less energy to operate. Also, it
can be seen that an increase in ambient temperature will increase the energy consumption, because

less energy is rejected by condenser I before the fluid enters ejector 2.
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Figure 45. Energy consumption of improved membrane-ejector dehumidifier

As can be seen in Figure 46, lower ambient temperatures increase the overall entrainment
ratio. The overall entrainment is different from the regular membrane-ejector dehumidifier

because the water vapor entrained by the steam in the second ejector is reduced by the first



condenser. Also of special importance, the condenser is affected by the ambient temperature

because it controls the amount of energy rejected to the environment.

0.52

—o—: Ty = 33°C

e
tn

——: Ty = 30°C

<
N
)

——: Ty = 27°C

=
NN
)

S

0.42

Entrainment Ratio (ER)

0.4
0 2 4 6 8 10 11 14

Humidity Ratio (w)

Figure 46. Overall entrainment ratio of improved membrane-ejector refrigeration

In Summary, the improved membrane-ejector refrigeration system can increase the
performance of the original system since the additional condenser reduces the heat load on ejector
2. However, the COP systems is still small compared to other type of systems but this can be
increased which means that there are lots of opportunities for improvement and optimization. It
should also be noted that the energy to operate the system is based on thermal energy rather than

electrical energy, which indicates a direct COOP comparison
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CHAPTER VI

SYSTEMS COMPARISONS

In this study, four air conditioning systems, which either cool or dehumidify air, are
modelled and simulated with the results is being used to identify characteristics and behaviors of
each system. Although refrigeration system and dehumidifier systems are different, both systems
use energy to dehumidify air. With the refrigeration system dehumidifying air with a heat
exchanger (evaporator) while the dehumidifier removes water vapor directly from the air by using
a membrane vacuum. Even though, the COP performance and behavior of each system for given
conditions is tabulated in Table 7 for general information, the COP value should not be compared
among different technologies especially between cooling and dehumidification COP. The reason
that this comparison should not be made is that idealized assumption can have very different
effects among technologies plus the degree of optimization for possible system configuration and
design have widely different emphasize in that a new technology the membrane ejectors systems
have not been studied for improvement. Of special importance, the leakage of air through the non-
ideal membrane lowers the COP considerably. Also input conditions are different for the different
systems. Other reasons that COP comparison should be made with caution is that the energy input
are different, either thermal or electrical of the systems were compared on the same units of energy

from a cost basic, then the membrane COP’s would increases considerably.
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Table 7. Comparison of all systems

System Abbreviation | COP Influential parameter

Vapor-Compression VCRS-R22 | 8.95-30.12 Temperature difference

Refrigeration System (cooling) between Hot region and cold

(R22) region

Vapor-Compression VCRS- 8.45-28.75 Temperature difference

Refrigeration System R410A (cooling) between Hot region and cold

(R410A) region

Steam-Ejector SERS 2.2-6.5 Temperature difference

Refrigeration System (cooling) between Hot region and cold
region

Membrane-Ejector MEDS 0.12-0.19 Membrane performance

Dehumidifier System (dehumidifier) | (humidity ratio) and ambient
temperature

Improved Membrane- | IMEDS 0.44-0.5 Membrane performance

Ejector Dehumidifier (dehumidifier) | (humidity ratio) and ambient

System temperature
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CHAPTER VII

CONCLUSIONS

All of the refrigeration and dehumidification system were simulated by using Engineering
Equation Solver (EES) Software with processes, which were all idealized except for the membrane
and conditions being assumed. As a first step, a conventional vapor-compression refrigeration
system was simulated for varying low and high side temperature conditions of T, = 6°C — 18°C
and Ty = 27°C — 33°C with refrigerant R22 and R410A. The results of the simulation showed
that R22 has a higher COP compared to R410A. Specially, R22 had a maximum COP of 30 and
for R410A had a maximum COP around 28. Of special note though, actual system in the real
world with non-idealized processes would expect to see maximums that are less than half of these
maximum COPs, typically ranging from 3 to 10. The optimum performance and energy input for
steam-ejector refrigeration system was obtained by optimization equations that resulted in an area
ratio of 210 for the best performance which in turn achieved a maximum COP 6.5 at the smallest
temperature difference between hot region and cold region. Furthermore, the energy consumption
increases occurred with the increases of high-side temperature. It should be noted that it is not
possible to do a direct COP comparison of the conventional vapor-compression system, which
uses electrical work to operate, and the ejector system, which uses thermal energy, because of the
two different forms of energy input used and because idealized models are being simulated in both
cases.

In addition to the simulations of two different refrigeration systems, along with their
resulting performances, two dehumidification systems based on membrane technology were also

simulated and analyzed, with both of these systems using membranes to remove water vapor from
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the air. These two systems differ in how the low-pressure side of the membrane is maintained,
with two steam ejectors with and without a condenser installed between them.

For the membrane-ejector dehumidifier, the highest performance is obtained for an
optimum nozzle throat geometry is d¢y = 2.5 mm and a boiler 1 condition of T); = 140°C and

Ty, = 150°C. This condition produces maximum COP of around 0.20 with the ambient

temperature not affecting the performance significantly. The overall entrainment ratio decreases
as the performance of the membrane increases. To increase the COP, an additional condenser was
placed between the two ejectors with the additional condenser improving the membrane-ejector
dehumidifier performance more than 100%, resulting in a COP values of 0.2 to 0.5.

Of special importance, one cannot directly compare COPs for the two refrigeration cycles
with COPs for the two dehumidification process as COP’s are defined differently for cooling and
dehumidification. Another reason that the comparison cannot be made is because the compressor
is operated with an electrical motor while the ejector operated with thermal energy either in the
form of natural gas, solar, geothermal, and waste heat. The value of focusing on COPs as a
performance indicator in this study is not to make COP comparisons among systems, but rather as
an indicator of how the system performance for each individual system is a function of various
variables so that design improvement can be made in the future for any given technology.
Furthermore, the resulting system models and simulations performed in this study can be used in
future follow up studies to optimize parameters and to investigate system modifications and their

effect on performance.
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APPENDIX A

SAMPLE MANUAL CALCULATION

Membrane-Ejector Dehumidifier

Two-stage ejector design calculation with condenser schematic arrangement as described in

Figure 22.

Input :

- Boiler

Boiler 1 temperature (T}1) = 120°C

Boiler 2 temperature (T,;) = 120°C

Boiler 1 pressure (pp1) = 200 Kpa (saturated gas from input Tq)
Boiler 2 pressure (pp,) = 200 Kpa (saturated gas from input T),,)
- Dimension of ejector 1 (best dimension from iteration in program)
Throat diameter (d;1) = 3.5 mm

- Vacuum condition (from membrane)

Mass flowrate of air (1iig1,) = 0.4 kg/hr

Mass flowrate of vapor (1gq,,) = 5.198 kg/hr

Pressure of vacuum (pg;) = 1.6 kPa

Temperature of vacuum (T ) = 32°C

- Initial guess parameter and constraint

Area ratio for ejector 1 (4,1) =30

Area ratio upper limit (4;,) = 500
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Area ratio lower limit (A;;) =0

Throat diameter (d;,) = 3.5 mm

Throat diameter (d;;,) = 50 mm

Throat diameter (d;;;) = 0 mm

- Efficiency

Efficiency for primary flow (1,) = 100%
Efficiency for secondary flow (1) = 100%
Efficiency for primary flow at cross section y-y (1,,,) = 100%
Mixing coefficient (¢,,) = 88%

- Additional

Output of ejector 2 (p,) = 11.3 kPa

Output condenser temperature (Tg4) = 42°C

Calculation of vapor-air mixture properties of vacuum s1
-Humidity ratio.

Mgy,  5.198kg/hr
Mg  0.4kg/hr

Wgq =

-Vapor pressure of vacuum.

_ ( Ps1 ) _ ( 1.6 kPa ) — 1527 kP
Psiv = 9510622 + wgy /) \0.622+13/) 4
-Enthalpy calculation.

hs1y = h(Tslipslv) = 2560 k]/kg

hs1a = h(Ts1) = 305.6 k] /kg
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519858 2560 1 0.4X8 3056 KL

Mg1p. Rs1p + Tg1g- R h kg h k
he = s1v .slv . sta-lsia _ r 9 r g _ = 2399 kJ/kg
M1y T Ms1q 5.198 ll’(lg + 0. 411,(lg
r r

-Specific heat capacity calculation.

CPs1v = Cp(Tslrpslv) = 1.875 k]/kg'K

Psia = cp(Ts1) = 1.005 k] /kg. K

Mgy CPor + TitsraCPora S-19B1E. 1875 kJ /kg. K + 0.4 K8.1.005 kJ /kg. K
P = Ms1p + Ms1q - 5198 1}(18 +0. 41}(18
= 1813 kj/kg. K
CVs1p = cV(Tsy, Ps1v) = 1411 kJ /kg. K
CVs14 = cV(Tg) = 0.718 kJ /kg.K
Hiaty. CVsry + Tera: CVspa 5198181411 k//kg. K + 0.4°8.0.718 kf/kg. K
e sty + Ms1a ) 51985 1 0.4

=1361kJ/kg.K
-Specific heat ratio.

. CPs1 _ 1.813 kJ/kg.K — 133
U7 vy 1.361kJ/kg. K~

-Specific gas constant.

Ry1 = cpgy — cvgy = 1.813 kJ /kg. K —1.361 k] /kg. K = 0.452 k] /kg.C

Calculation of steam properties from boiler

-Specific heat capacity calculation
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Pp1 = D(Tp1,Pp1) = 2.126 kJ /kg. K
cVpy = cV(Tp1, Pp1) = 1.575 kj /kg. K
-Specific heat ratio

_ pp1 2126kj/kg. K

1= oy T 1575k /kg. K 135

-Specific gas constant
Rp1 = cpp1 — cvpy = 2126 k] /kg. K — 1.575 kJ/kg.K = 0.5518 k] /kg.K
-Enthalpy calculation

hy1 = hy(pp1) = 2707 k] [kg

Dimension calculation of ejector 1

mixing chamber constant area section diffuser

induced flow Ps
—_—

—
induced flow Ps

-Area calculation at cross section t-t

5 5 10~°m? 5
A = 0.25.d}.m = 0.25 (3.5 mm)? . ———— = 0.000009621 m

> =

-Area calculation at cross section 1-1

di1 = 1.5d;; = 1.5.3.5mm = 5.25mm

2 2 10_6m2 2
Ay =025 .dfy.m = 0.25.(5.25 mm)?. m.———— = 0.000021648 m

> =

-Guessing Area at cross section 2-2
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Ayy = App. A, = 30.0.000009621 m? = 0.00028863 m?

Ejector 1 Calculation

-Calculation of mass flow rate from boiler (11,)

' +1
i [( 2 )(E—J]
N i | Ky +1 |
My1 = Pp1ie1 iKpnp| TyiRyy |
Vo |
135+1
( 2 135 1
1.35 + 1

= 200 kPa.0.000009621 m?. [1.35.1]

[120.2 C.0.5518 kJ /kg.C

|

k
= 0.002722?9 ~9.7992 kg/hr

-Calculation of Mach number of primary flow at cross section 1-1

Kk, —1). M2 (Zz—j)
() (o)
135+1)

[0.000021648m2]_ 1 [( 2 )<1+(1.35—1).M§11>](l-35-1

0.000009621 m2|  M? |\1.35+ 1/ 2

Au) _
Anl My

Mpll = 3.55
-Calculation of pressure of primary flow at cross section 1-1

200 kPa
Pp11 = Pyt = = 2243 kPa

K 135
&) [1 +(135 )

52](m

1+(Kp

-Assumption at arbitrary location of y-y

Msly =1
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y-y is the location where the secondary flow reaches sonic condition

-Calculation of pressure of secondary flow at cross section y-y

—Ks1 —1.33
2

Mgy [Fes1—1 121133-1
psly Ps1 |1+ (kg1 — 1). ] = 1.6 kPa. [1 +(1.33 — 1)?

2

-Assumption condition at cross section y-y

* —
Ps1y = DPs1y
* —
Ps1y = Pp1y
Psly Pm1

-Calculation of Mach number at primary flow at cross section y-y

Ks1 —1 2 (%)
Ppiy _ [1 + [T] M1 ]

Ksl )

R T

0.8632 kPa _ [1+ [1 S5 ] 3. 552](

2.243 kPa

P,

13551)

1.33 )

(m
]

My, = 4.212

-Calculation of cross section area of primary flow of cross section y-y

"Tpy 2 K — 1\ o <2-g€7:-11)>
Apry _ My (5 52) (1+ () 48

Au o, N )
M1, (x,, + 1) (1 + ( 5 ).Mml)]
1.35+1 )
Aply = 4?.28182 (1.352+ 1) (1 + (1 352 ) 4. 2152)] 2.(1.35-1)
0.000021648 m?

1 2 1.35—-1 2 (2 31335;11))
355 | (a5 r) (1 + (F75—) -3.552)]
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A, ., = 0.0001337 m?

ply

-Calculation of cross section of secondary flow at cross section y-y

A1y = Ayy — Ap1y = 0.00028863 m? — 0.0001337 m? = 0.0001549 m?

-Calculation of temperature of secondary flow at cross section y-y

K1 —1

B (psly)( )

Tsly — Is1-\ "
Ps1

1.33-1
0.8645 kPa)(—1.33 )

1.6 kPa

= (32+273)K.( = 261K

-Calculation of temperature of primary flow at cross section y-y

T. K,—1
pl1 _ p 2
T _1+< 2 )'Mply

ply
(120.2 + 273)K 1351 ,
=1+ (—).4.212
Tp1y 2

-Calculation of velocity of secondary flow at cross section y-y

Very = Mgy /KisslTsly = 1.,/1.33.0.452 k] /kg. K. 261 K = 396.109 m/s

-Calculation of velocity of primary flow at cross section y-y

Voiy = Mp1y. /KpRprly = 4.212\/1.35.0.5518 kj/kg.K.958 K = 1125.2m/s
-Calculation the mass flow rate of secondary flow from guessing value— Critical

ez

Msl = pslAsly |Ksl77$| ToiRoq |

|
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S—

[ 2 i)
(3577)
(32 + 273)K.0.452 k] /kg. K

kg
= 0.000013089—

Mg, = 1.6 kPa.0.0001549 m? |1.33.1

=~ 0.04712 kg/hr
-Vacuum flow calculation
Mgy = Mgqq + Mgy = 0.4 kg/hr + 5.198 kg/hr = 5.598 kg/hr
From calculation above, guess value of mass flow rate of vacuum is significantly smaller than
actual mass flow of vacuum. Iteration is needed to obtain correct dimension of ejector which has
value mass flow rate the same as actual mass flow of vacuum. Fast iteration algorithm is used by
using bisection method. This method makes program possible to run many cases faster. Upper
limit and lower limit are the constraint which the real value is in between these parameters.
-Bisection method to find Area ratio (4,4)

. . . kg kg kg
Ms1-margin = Ms1 — Mgy = 5.598E — 0'04712E = 5.55088E

If g1 _margin > 0 then,
A, = Ay = 30 (current condition)
A, = Ay, = 1000 (as is)
If g1 —margin < 0 then,
Ay = Ay (asis)
Apq = Ay, (change)

Next area ratio 4,4

_Ay+Ay 3041000

rl 2 - 2 = 515

The iteration goes on until Mgy _margin = 0.0001 = 0.1 % error

The new area ratio is inputted back to the equation above until reach the criteria.
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From the calculation it takes 50 iterations with the result as below:
Ay =74.65

-Calculation of velocity mixture

G (p1-Vpry + Ms1.Viry) = (g + Mg1). Vs

kg m kg m
0.88. (0.002722 . 1125.2 5 + 0.001555 e 396.109 ?>

kg kg
= <0.002722 —+ 0.001555 T) Vi

Vini = 756.9m/s
-Calculation of enthalpy of mixture

VE Vay Vi,
. . m
mpl <Cppr1y + 2 > + 1y (CpslTsly + 2 > = (mpl + msl)-( m1 + T)

kg (1125.2 %2
0.002722—=| 2126 k] /kg.K.95.8 K + fs
kg (396.109 )2
+0.001555—| 1.813 & /kg. K. 261 K + fs
m
- (0.002722? + 0.001555?). oy + 55—

Ay = 446.61 k] /kg

-Calculation of flow composition of mixture

. . . kg kg kg
Ty = Myy + Mgy = 0'002722T + 0'001555T = 0.04277? ~ 15.39 kg/hr

; . Ws1 kg kg
M1y = Mp1 + [ T 1] mg = 0. 002722— + R ] 0.001555? = 0.0041659?
~ 1499 kg/hr
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; ; . kg kg kg kg
Mmia = Mm1 — Mmiy = 15.39E - 14.995 = 0.4E ~ 0.0001111T

_ Mypyy 1499 kg/hr

_ - = 37.51
Om1 = T 04 kg /hr

-Calculation of temperature of mixing flow at constant cross section area

= (mmlvcpg (Vapor, Tp,) + Mim1acp(Air, T;n)) Tina
M1

hml

= (0.0041659.k—‘gcpg(Vapor, Tm1) + 0.0001111k—g.cp(Air, Trii) T
446.61 k] /kg S S

0.04277’%9

Tm1 = 245K

-Calculation of properties of mixture flow

-Specific heat capacity calculation

Pm1v = Pg(Tm1, Pm1v) = cpy (245 K) = 1.856 kJ /kg. K
Pmia = P(Tm1) = cp(245K) = 1.003 kJ /kg.K

Mmiv- CPm1v + Mmia- CPmia

Mmiv + Mmia

CPm1 =

0.00416591%‘9. 1.856 kJ /kg. K + 0.0001111’%‘1. 1.003 kJ /kg. K

0.0041659 kTg + 0.0001111 kTg

= 1.833 kJ/kg.K
U1y = Uy (Tmy) = v, (245 K) = 1.395 kJ /kg. K

CVm1a = cV(Ts1) = cv(245K) = 0.716 k] /kg. K
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Mp1v- CVmiv T Mmia- CVmia
M1y T Mp1q

CUm1 =

0.00416591%9. 1.395kJ/kg.K + 0.0001111]%9. 0.716 k] /kg.K

0.0041659 kTg + 0.0001111 kTg

=1377kJ/kg.K
-Specific heat ratio

_ Cpm1_ 1.833kJ/kg.K

= = =133
m1 = T 1377 kj Jkg. K

-Specific gas constant
Rp1 = CPm1 — CVmy = 1.833 kJ/kg. K —1.377 k] /kg. K = 0.456 k] /kg.K
-Calculation of Mach number of mixture flow

Vin1 756.9m/s

VKm1Rm1 T J1.33.0.456 ,’:—é .K.245K

-Calculation of pressure at cross section 2-2

&=1+2[

Pm1

Kmi ] 2
(M -1

_ P21 _ +2[i] (1.96% — 1)
0.8645 kPa 1.33+1]1
P21 = 3.669 kPa

-Calculation of Mach number at cross section 2-2
Kmp — 1 9 1.33—-1
1+[—2 ].Mml B 1+[—2 ]

Ky M2, — ["mlT_l] 1.33.1.96% — [

1.332— 1]

-Calculation of stagnation pressure at arbitrary cross section c-c

1 [ Km11]
Pc1 Kmi — 2 ] Km1—
— =1 .M
P21 [ + [ 2 ] 21
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Pc1 _ 1.33-1 ,]H133-1
3.669 kPa [1 + [ 2 ]'0'33 ]

Pe1 = 4.561 kPa

-Calculation of entrainment ratio

Mg 5.598kg/hr
My, 9.7992 kg/hr

W, = =0.5713

-Calculation of enthalpy at the output of ejector

_wyihgy +hy  0.5713.2399 k] /kg + 2707 k] /kg

h
c1 w +1 05713 + 1

= 2569 kJ /kg

-Calculation of partial pressure of vapor at the output of ejector

) P _ oo 4S61kPa oo
Petv = Om10 622 + wpy 7 062243751 ¢

-Calculation of temperature at output of ejector

_ h(Air, Te1) + wpy-h(Steam, Teq, pery)
- 1+ wnp

cl

h(Air,T.,) + 37.51. h(Steam, T.1, Pc1v)
143751

2569 kj /kg =

T., = 68.57°C

Calculation of vapor-air mixture properties of vacuum s2
-Humidity ratio

Wey = W1 = 37.51

-Pressure and temperature for vacuum s2

Ps2 = Pe2 = 4.561 kPa

Ty, =T.1 = 68.57°C

-Mass flow rate for vacuum s2
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Kk
Tigy = THyy = 0.004277?9 ~ 1539 kg /hr

k
Mgy = M1y = 0.0041659?9 ~ 14.99 kg /hr

k
Msoq = Mmra = 0.0001111?9 ~ 0.4kg/hr

-Vapor pressure of vacuum

Pszv = Pc2v = 4486 kPa

-Enthalpy calculation

hg, = h.y = 2569 k] /kg

-Specific heat capacity calculation

P2y = cP(Tsy, Ps2v) = cp(68.57°C,4.486 kPa) = 1.889 kJ /kg.K
CPs2q = cp(Tgy) = cp(68.57°C) = 1.007 kJ /kg.K

Mg2p- CPs20 + Ms2q-CPs2q
Mgy + Msoq

CPs2 =

_ 14.99 kg/hr. 1875 kj /kg. K + 0.4 kg/hr.1.005 k] /kg. K

1499 kg/hr + 0.4 kg/hr
=1.853 kJ/kg. K
CVsay = V(T2 Psav) = 1424 k] [kg. K
CVspq = cV(Tyy) = 0.7204 kJ /kg. K

Mg2yp. CVUs2yp + Mgpq. CUsq

cv 2 = N 5
s Mgy + My2q

1499 kg/hr. 1411 k] /kg. K + 0.4 kg/hr.0.718 k] /kg. K

1499 kg/hr + 0.4 kg/hr
=1.393kJ/kg.K

-Specific heat ratio

_ ps; 1.853kJ/kg.K

= 2 _ =133
2= oy T 1393 Kkj/kg. K
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-Specific gas constant

Ry, = cpgy — cvsy, = 1.853 kJ /kg. K — 1.393 kJ/kg. K = 0.46 k] /kg.K

Ejector 2 Calculation

-Calculation of cross section area of secondary flow at cross section y-y

L 2 (G
. I(KSZ + 1) I
Mgy = psZASZy iKslns TooRey |
s2itg
Vo |
[ 2 \@3:5) ]
kg (1.33 + 1)

0.04277-2 = 4561 kPa. Ay, |1.33.1
s @-fszy (68.57 + 273) K. 0.46 k]/kg.K|

Ay = 0.0006135 m?

-Area calculation at cross section t-t

—6..,2

= 0.000009621 m?

10
A = 0.25.d%,.m = 0.25.(3.5 mm)?.m. =

-Area calculation at cross section 1-1

di» = 1.5d;; = 1.5.3.5mm = 5.25mm

—6m2

= 0.000021648 m?

10
Ay =0.25.d%,.m = 0.25.(5.25 mm)?.m. =
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-Calculation of mass flow rate from boiler (r11,,)

xp+1
2 Kp—l
Kp + 1

]
|
Tp2Ryp j

mpl - ppZAtl Kpnp

,___|

[
= 200 kPa.0.000009621 m?2. |1.35.1

1.35+1) -I

2 \(T:
(35571)
(1202 + 273) K.0.5518 kJ /kg.C

k
= 0.002722?‘9 =~ 9.7992 kg /hr

-Calculation of Mach number of primary flow at cross section 1-1

xp+1)

Ay 1 < 2 ) < (kp —1). M2y, >](Kp—1
— = 5 g1+ ——mm———
[ Ay p21 [\Kp + 1 2
1.35+1)

'0.000021648m2]_ 1 [( 2 )<1+(1.35—1).M521>](m

0.000009621 m?| ~ MZ,; |\1.35 + 1/ 2

Mp21 = 3.55
-Calculation of pressure of primary flow at cross section 1-1

Pp 200 kPa
Pp21 = T ) = = 2.243 kPa

1.35
[ )
14 (1.35

T

52](m

1+ (k,

-Assumption at arbitrary location of y-y
M sly = 1
y-y is the location where the secondary flow reaches sonic condition

-Calculation of pressure of secondary flow at cross section y-y
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—Ksp -1.33
Ksa—1 127133-1

Szy = 4561 kPa.|1+ (133 -1).— = 2.464 kPa

psZy Ds2 1+ (KSZ - 1)

-Assumption condition at cross section y-y

*
psZy - psZy
psZy ppZy
psZy Pm2

-Calculation of Mach number at primary flow at cross section y-y

o+ [ J%)

ppZy

Ks2
Pp21 [ [Ksz ] pZy] ICSZ 1)

( 1.33 )

2464 kPa [1 + [L] 3. 552] 133-1
2243 kPa [ [1 33— ] ] 1%9,331)

Ply
MpZy = 3.489

-Calculation of cross section area of primary flow of cross section y-y

)+ (o) )

Apay Mgy [\iGy ¥ 1 7
Ay - . , ) ( Kp+1 >
K, — 2. -1
7 (xp 1) (14 () g )07
0.88 2 135 —1 (z0i55-D)
Apzy 3489 (fz52) (1 + (F55—) 3489°)]
0.000021648 m? E===
1 2 1351 (135-1)
3551 (s ) (1 + (B—) 3552 0%
Ay, = 0.0000179 m?

-Calculation of cross section of secondary flow at cross section y-y

Az = Agzy + Apyy = 0.0006135 m? + 0.0000179 m? = 0.0006314 m?
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-Calculation of temperature of secondary flow at cross section y-y

Kgp—1
B (pSZy)( 2)
TsZy — Is2:\ 7
Ps2

1.33—-1
2.464 kPa)(—1.33 )

4561 kPa = 293K

= (68.57 + 273)K.(

-Calculation of temperature of primary flow at cross section y-y

T, K,—1
P _ p 2
——1+< > ).Mpzy

Tp2y
(120.2 + 273)K 1.35-1 ,
=1+ (—) .3.489
Tpay 2
Tyay = 125.6 K

-Calculation of velocity of secondary flow at cross section y-y

Vizy = Mgpy. /Ksstszzy = 1.,/1.33.0.46 k] /kg. K. 293 K = 423.388 m/s

-Calculation of velocity of primary flow at cross section y-y

Vpzy = Myay. [KpRpTysy = 3.489,/135.0.5518 k/kg. K. 1256 K = 1067.21m/s

-Calculation of velocity mixture
¢m(mp2-vp2y + msZ-Vszy) = (Thpz + msz)- sz

kg
<

kg

m
0.88. (0.002722 5 1067.21 5 + 0.004277

m
423.388 ?)

kg kg
= (0.002722 —+ 0.004277?) Vo

Vinza = 592.925m/s

-Calculation of enthalpy of mixture

. VpZZy . VSZZy . . VT%IZ
Tp2 | CPpTp2y + | tTMs2 Ps2Ts2y + — = (hpz + Tigy)-( Az + -
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kg (1067.21 %2
0.002722~>| 2126 kj /kg. K. 125.6 K + —————

k
+ 0.004277Tg <1.853 kj/kg.K.293 K +

(423.388 m/s)2>
2

k k 592.925 2
= (0-002722?9"‘0-004277?g>.<hm2 e : m/s) )

hoy = 536.08 k] /kg

-Calculation of flow composition of mixture

. : : kg kg kg

Titma = Tityy + Mgy = 0.002722—=+ 0.004277 —= = 0.006999—= = 25.196 kg /hr

oy = 1 +[ HRs2 ] g, =0 002722kg +[ 3751 ]0004277 kg _ 0.006888 kg

Mm2v = Mp2 T [yp g M2 = 5 s 3751 +1 s s
=~ 24.79 kg/hr

. . : kg kg

Timaa = Mz = Minzy = 25.196 kg/hr — 24.79 kg/hr = 04— = 0.0001111—=

_ Mypay 2479 kg/hr

= = = 61.975
My2a 0.4 kg/hr

Wm1

-Calculation of temperature of mixing flow at constant cross section area

_ (Munavepg(Vapor, Tima) + M zqcp(Air, Tn)) Tz

h
m2 Mz
kg kg .
= (0.006888 - cpy(Vapor, Try) + 0.0001111=F. cp(Air, Try2)) Tz
536.08 kJ /kg S r 3
0.006999 -2
Ty = 2875 K

-Calculation of properties of mixture flow

-Specific heat capacity calculation

Pmav = Pg(Tmz, Pm2v) = cpg(287.5K) = 1.877 k] /kg. K
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Pm2a = P(Tz) = cp(287.5K) = 1.004 kJ /kg. K

Mm2v- CPm2v + Mm2a- CPm2a

Mma2v + Mm2a

CPm2 =

0.006888’%9. 1.877 k] /kg.K + 0.0001111]%9. 1.004 kJ/kg.K

0.006888’%9 + 0.0001111]%9
=1.863 kJ/kg.K
CVmay = Vg (Trp) = cvy(287.5K) = 1.411kJ /kg.K
CVmza = cV(Tsy) = cv(287.5K) = 0.7172 k] /kg.K

Mm2v- CVmzv + Mmza- CVmza
M2y + Mmaq

Cvmz =

0.006888%9. 1.411 kJ/kg.K + 0.0001111’%9.0.7172 kl/kg. K

0.006888’%9 + 0.0001111 kTg

=1399kJ/kg.K
-Specific heat ratio

o = CPmz _ 1.863 kJ/kg.K _
M2 vy, 1.399kJ/kg. K

1.33

-Specific gas constant
Ry = Py — CUpp = 1.863 kJ/kg.K —1.399 kj/kg. K = 0.464 k] /kg.K
-Calculation of Mach number of mixture flow

Vina 592.925m/s

My, = 1.41

VKm2Rim2 Tin \/1.33.0.464%.1(. 2875K

-Calculation of pressure at cross section 2-2

P22 [ Km2 ] 2
— =142 (M5, —1
Pm2 Km2 +1 ( m2 )

P22 [ 1.33 ] )
———=14+2|——.(141° -1
2.464 kPa 1.33+1 ( )
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pzz = 524‘4 kPa

-Calculation of Mach number at cross section 2-2

1+ [Fm2= 1] M2, 1+ [%] .1.412
M3, = — = 33— = 0.535
omze Maz — [25—|  1.33.1.41% - [==5—]
MZZ = 0732

-Calculation of stagnation pressure at arbitrary cross section c-c for guess value

e
Pez _ [1 + [sz — 1] .Mzzz] e
P22 2
133-1 [551]
Pc2 ' - 29
— =1 _ .0.7322]
5.244 kPa [ + [ 2 ]

P., =7.378 kPa
-Vacuum flow calculation
Mgy = Mgqq + Mg1y = 0.4 kg/hr +5.198 kg/hr = 5.598 kg/hr
From calculation above, guess value of output pressure from ejector 2 is smaller than actual
stagnation pressure. Iteration is needed to obtain correct dimension of ejector which has value
output pressure the same as required output pressure.
-Bisection method to find throat diameter (d;,)
Pcz-margin = Pez — Pez = 11.3 kPa — 7.378 kPa = 3.922 kPa
If Pe2—margin > 0 then,
di1 = dy; = 3.5 mm (current condition)
dipy = diy = 50 mm (as is)
If pe2—margin < 0 then,
dey = dyy (as is)

dij, = dgy (change)
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-Next throat diameter (d;,)

dg+d 3.5mm+ 50 mm
dpy = & > e _ 5 = 26.75 mm

The iteration goes on until Mgy _margin = 0.0001 = 0.01 % error

The new area ratio is inputted back to the equation above until reach the criteria.
From the calculation it takes 15 iterations with the result as below:

diy = 5.854 mm

Ay, =29.54

My, = 2741 kg/hr

Wme = 106.1

-Calculation of entrainment ratio

ms; 1539 kg/hr

= = 0.5612
My, 27.41kg/hr

Wy =

-Calculation of enthalpy at the output of ejector

wahgy +hy  0.5612.2569 kj /kg + 2707 kj /kg
= = =2
he == 1 05713 + 1 630 k) /kg

-Calculation of partial pressure of vapor at the output of ejector

~ P _ g T378KPa_ o

-Calculation of temperature at output of ejector

_ h(Air, Tc) + Wz h(Steam, Tep, peay)
B 1+ wpy

c2

h(Air,T.,) + 106.1. h(Steam, T.,, 7.335 kPa)

2630kj/kg = 1+106.1

T., = 81.66°C
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Condenser calculation

-Calculation of pressure at outlet of condenser

Ds3 = Psa = 11.3 kPa

Ds3v = Psaturated (Tc3) = Dsaturatea(42°C) = 8.205 kPa

-Calculation of humidity ratio at outlet of condenser

— 0.622 De3v — 0.622 8.205 kPa 3
Wes = 5 Des — Pezy 113 kPa — 8.205 kPa

1.65

-Calculation of rejected energy from
(1 + wmz)- th = Qout + (wmz - wc3)- hl(Tc3) + h(air, Tc3) + wc3-hl (Tc3)

kj
(1+ 106.1).2630—
kg

kJ kJ k]

= 1+ 106.1 106.1 — 1.65).175.9-—+ 315.7— + 1.65.175.9 —
Gour(1 + )+ ( ) kg + kg + kg
Qour = 2452.8kj/kg
-Enthalpy at the output of condenser
k] k]
h(air, TCS) + wc3. hg(TCB) 3157@ + 1652577@ k]
3 = = = 1723.68 —
1+ wes 1+ 1.65 kg
hy, = h(T.3) = hy(42 C) = 1759 k] /kg
Overall Calculation
m 5.598 kJ /k
ERgeries = = 51. = J/kg = 0.15
Mpy + My, 9799 k] /kg + 2741 k] /kg
-Calculation of energy required
k k k k
Qin = (s + 1ity5). (hpy — by) = (0.002722?‘9 +0.007613 Tg) . (2707é ~ 1759 é)

= 26.161 KW
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-Calculation of energy rejected

k
Qin = Tmaa(@mz + 1. Qour = 0.0001111?9. (106.1 + 1).2452.78 kj/kg = 28.72 KW
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APPENDIX B

ENGINEERING EQUATION SOLVER SOURCE CODE

Vapor-Compression Refrigeration System

{!!Calculation of refrigeration system using compressor
The system has specification as follow:

Refrigerant R-22 operating pressure limit:

p sl R22 = 68 [psi]

p_dl R22 = 250 [psi]

Refrigerant R-410A operating pressure limit:
p sl R410A = 118 [psi]
p_dl R410A = 400 [psil]}

"!Input"

"Ambient condition"

phi amb = 0.7 "relatif humidity"
omega_amb = 0.0214 "humidity ratio"

p_amb=1l*convert ('atm', 'kPa')

"Dehumidified condition"

"omega deh = 0.0101" "humidity ratio"

T dp deh = 14 [C] "dew point temperature"

p v _deh = 1.6 [kPa] "partial pressure of vapor"

phi deh=1

REFS$ = 'R22' "Type either 'R22' or 'R410A' uppercase
sensitive"

"Efficiency of the equipment"

eta com =1 "isentropic efficiency of compressor"
S$ifnot ParametricTable
T C =14 [C] "Refrigerant that will be used"
T H = 32 [C] "ambient temperature"
Sendif
"!Compressor"
x[1]=1
pll]=pressure (REFS$, T=T[1l], x=x[1])
h([l]=enthalpy (REFS, T=T[1], x=x[1])
s[l]=entropy (REFS$, T=T[1l], x=x[1])
s _is[2]=s[1]
p[2]=p[3]
hiis[2]=entha1py(REF$, P=p[2],s=s 1is[2])
eta com = (h[2]-h[1])/(h _is[2]-h[1])
T[2]=temperature (REFS$, P=p[2],h=h[2])
]

s[2]=entropy (REFS$, T=T[2], h=h[2])
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W dot=h[1]-h[2]

"!Condenser"
x[3] =0
=T H

T[3
h[3]=enthalpy (REFS$, T=T[3], x=x[3])
pl[3]=pressure (REFS$, T=T[3],x=x[3])
s[3]=entropy (REFS$, T=T[3],x=x[3])
Q cond=h[2]-h[3]

"!Expansion Valve"

h[4]=h[3]

pl4]=pl[l]
x[ l=quality (REFS, h=h[4], [4])
s[4]=entropy (REFS, ILT[4] x[4])
T[4]=T[1]
"lEvaporator"
T[1]=T_C

Q eva=h[1l]-h[4]

"!Performance"
COP=abs (Q_eva/W_dot)

"!Connection"
x[5]=1
5]=pl4]

pl
T[5]=temperature (REF$, P=p[5],x=x[5])
h[5]=enthalpy (REFS$, T=T[5],x=x[5])

"Humidity Calculation"
omega_ deh=humrat (AirH20, T=T C,D=T C,P=p amb)

Ejector Calculation

"***THE 1-D EJECTOR MODEL ***"

"I SUBROUTINE"

"find mass flow rate of primary flow"

Subprogram subl (p p,A t,gamma,eta p,T p,R:m p)

m _p=p p*convert (bar,N/m2)*A t*sqrt(gamma*eta p* ((2/(gamma+l))”
m((gamma+1)/(gamma—1)))/(converttemp('C','K',T_p)*R*conveRt(kJ,N—m)))
End

Subprogram sub2 (A pl,A t,gamma,eta p,T p,R,p p:M pl,p pl)

"find Mach number of primary flow at cross section 1-1"
(A_pl/A_t)"2=(1/M)*((2/(gamma+1))* (1+ (((gamma-1)*M)/2)))
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..((gamma+1) / (gamma-1))

M pl=sqrt (M)

"find pressure of primary flow at cross section 1-1"
p_pl=p p/(1+((gamma-1)*M pl~2/2))" (gamma/ (gamma-1))
End

Subprogram sub3 (p_s,gamma,M sy:p sy,p _Py,p_m)

"find pressure of secondary flow at cross section y-y in critical
condition"

plstar sy=p s*(1+((gamma-1)* (M sy”~2)/2))" (-gamma/ (gamma-1))
"condition at cross section y-y"

plstar sy=p_ sy

plstar_sy=p_py

plstar sy=p m

End

Subprogram sub4 (p py,p pl,gamma,M pl,A pl,eta py:M py,A py)
"find Mach number of primary flow at cross section y-y"
(p_py/p_pl)=(((1+((gamma-1)/2)*M pl~2)) " (gamma/ (gamma-1))) /
(14 ((gamma-1) /2) *M py”"2)) " (gamma/ (gamma-1))

"find cross section area of primary flow at cross section y-y"

(A_py/A_pl)=((eta_py/M py)* ((2/ (gamma+1))* (1+ ((gamma-1)/2)*M py”~2))"
..((gamma+1) / (2* (gamma=-1))))/ ((1/M _pl) * ((2/ (gamma+1l))* (1+( (gamma-1)/2)*
mM_plA2))A((gamma+l)/(2*(gamma—1))))

End

Subprogram sub5 (A py,A 2,T s,T p,p_sy,p_s,gamma,c p,M py,M sy,R:
~A_sy,T_sy,T_py,V_sy,V_py)
"find cross section area of secondary flow at cross section y-y"
A py+A sy=A 2
"find temperature of secondary flow at cros section y-y"
T sk=converttemp ('C','K', T s)
(T _syk/T _sk)=(p_sy/p_s)” ((gamma-1)/gamma)
T sy=converttemp ('K','C', T syk)
"find temperature of primary flow at cros section y-y"
T pk=converttemp ('C','K',T p)
(T_pk/T_pyk)=(1+((gamma-1) /2) *M_py"2)
T py=converttemp ('K','C', T pyk)
"find velocity of secondary flow at cross section y-y "
V_sy=M sy*sqrt(gamma*R*convert (kJ, kg-
m"2/s”2) *converttemp ('C', 'K', T sy))
"find velocity of primary flow at cross section y-y "
V_py=M py*sqrt (gamma*R*convert (kJ, kg-
m"2/s"2)*converttemp ('C', 'K', T py))
End

"find the mass flow rate of secondary flow-Critical"

Function m_sc(p s,A sy,gamma,eta s,T s,R)

m_sc=p s*convert (bar,N/m2)*A sy*sqrt (gamma*eta s* ((2/(gamma+l))"
..((gamma+1l) / (gamma-1)))/ (converttemp ('C', 'K',T_ s) *R*conveRt (kJ,N-m)))
End

"find the mass flow rate of secondary flow-Subcritical"
Function m_ss(p s,A sy,gamma,eta s,T s,R,M sy)
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"find the mass flow rate of secondary flow"

m_ss=p s*convert (bar,N/m2)*A sy*M sy*sqrt(gamma*eta s*
. ((2/ (24 ((gamma-1) *M _sy”~2))) " ((gamma+l) / (gamma-1))) /
..(converttemp ('C', 'K',T s) *R*conveRt (kJ,N-m) ) )

End

Subprogram sub6 (psi m,m p,V py,m s,V sy,c p,T py,T sy,gamma,R,p m:
.vmTmMmp 2,M 2,p|lstar_c)

"find velocity of mixture"

psi m* ((m_p*V _py)+(m s*V sy))=(m p+m _s)*V m

"find temperature of mixture"

m _p* ((c_p*convert (kJ, kg-m"2/s"2) *converttemp ('C', 'K',T py))+
..(V_py*2/2))+m_s* ((c_p*convert (kJ, kg-m"2/s"2) *

..converttemp ('C', 'K',T sy))+(V_sy”*2/2))=(m_p+m_s)*

..((c_p*convert (kJ, kg-m"2/s"2) *converttemp ('C', 'K',T m))+(V._m"2/2))
"find the mach number of mixture"

M m=V_m/sqrt (gamma*R*convert (kJ, kg-

m~2/s"2) *abs (converttemp ('C', 'K',T m)))

"find pressure at cross section 2-2"
(p_2/p_m)=1+((2*gamma/ (gamma+1l))* (M m"2-1))

"find the mach number at cross section 2-2"

M 272=(1+(((gamma-1)/2)*M m"2))/((gamma*M m"2) - ((gamma-1)/2))
"find the pressure at cross section at c-c"
(plstar_c/p_2)=(1+((gamma-1)/2)*M 272) " (gamma/ (gamma-1))

End

" PROCEDURE"

Procedure solve(T p,p p,T s,p s,T ¢c,p _c,C_p,C_v,gamma,R,eta p,
..eta_s,eta py,psi m,A t,A pl,A 2:m s,omega,m p,M sy,plstaR c,
~A_py, A sy, T sy, T py, T_m, p_m)

Call subl(p p,A t,gamma,eta p,T p,R:m p)

Call sub2 (A pl,A t,gamma,eta p,T p,R,p p:M pl,p pl)

"Critical condition"

M sy=1

Call sub3(p s,gamma,M sy:p_sy,p _Py,p_m)

Call sub4d (p py,p pl,gamma,M pl,A pl,eta py:M py,A py)

Call sub5(A py,A 2,T s,T p,p_sy,p_S,gamma,c p,M py,M sy,R:A sy,T sy,
.T_py,V_sy,V_py)

m s=m_sc(p_s,A sy,gamma,eta s,T s,R)

Call sub6(psi m,m p,V py,m s,V sy,c p,T py,T sy,gamma,R,p m:
.vmTmMmp 2,M 2,plstaR c)

IF (p_c<=pl|star c) Then

omega=m_s/m_p

Else

"Subcritical condition"

Repeat

M sy=M sy-0.01

Call sub3(p s,gamma,M sy:p sy,p _Py,p_m)

Call sub4 (p py,p pl,gamma,M pl,A pl,eta py:M py,A py)

Call sub5(A py,A 2,T s,T p,p_sy,p_S,gamma,c_p,M py,M sy,R:
.A_sy,T_sy,T_py,V_sy,V_py)

m s=m_ss(p_s,A sy,gamma,eta s,T s,R,M sy)

Call sub6(psi m,m p,V py,m s,V _sy,c p,T py,T sy,gamma,R,p m:
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.vmTmMmp 2,M 2,p|lstaR _c)
Until (abs (p|staR _c-p _c)/p _c<=0.01)
omega=m_s/m_p

Endif

End

"I INPUT"

"Varying input condition"
Sifnot ParametricTable
"condition"

T p=120 [C]

T s=10 [C]

T c=33 [C]

"geometry"

d t=2 [mm]

d 1=8 [mm]

d 2=19[mm]

Sendif

"Condition input"

p_p=p_sat(Steam, T=T p)
p_s=p_sat(Steam, T=T s)
p_c=p_sat(Steam, T=T c)

"Properties"
c_p=cp(Steam, T=T p, x=1)
c _v=cv(Steam, T=T p, x=1)
gamma=c_p/c_v
R=c_p-c v

"Geometry of ejector"

A t=0.25*(d_t"*2)*pi*convert (mm”*2,m"2)
A pl=0.25*(d _1"2) *pi*convert (mm"2,m"2)
A 2=0.25*(d_2"2)*pi*convert (mm"2,m"2)
A r=A 2/A t

"Idealized condition"
psi m=1
eta p=1
eta s=1
eta py=1

"I PROGRAM EXECUTION"

Call solve(T p,p p,T s,p s,T ¢c,p ¢,c_p,Cc_v,gamma,R,eta p,eta_ s,
..eta py,psi m,A t,A pl,A 2:m s,omega,m p,M sy,plstaR _c,
A py, A sy, T_sy, T_py, T m, p_m)
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Steam-Ejector Refrigeration System

"EJECTOR REFRIGERATION SYSTEM"

"!Input"

Sifnot ParametricTable
T H = 33 [C]

T C =15 [C]

A r 90.25

Sendif

p_amb = 100 [kPa]

"!Condition Calculation"
"Condition 1"

x[1] =1

T[1] = TH

pll] = pressure (Water, T=T[1], x=x[1])
h[l] = enthalpy(Water, T=T[1], x=x[1])

"Condition 2"

x[2] =0

T[2] = T H

pl[2] = pressure (Water, T=T[2], x=x[2])
h[2] = enthalpy (Water, T=T[2], x=x[2])
s[2] = entropy(Water, T=T[2], x=x[2])
"Condition 3"

T[3] =T.C

p[3] = pressure (Water, T=T[3], h=h[3])
x[3] = quality(Water, T=T[3], h=h[3])

"Condition 4"

x[4] =1

T[4] = T[3]

pl4] = pressure (Water, T=T[4], x=x[4])
h[4] = enthalpy(Water, T=T[4], x=x[4])
"Condition 5"

pl5] = ple6]

s[5] = s[2]

h[5] = enthalpy(Water, P=p[5], s=s[5])
T[5] = temperature (Water, P=p[5], h=h[5])
"Condition 6"

x[6] =1

T[6] = temperature (Water, P=p[6], x
h[6] =enthalpy (Water, T=T[6], x = x[6])
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"!Component Calculation"

"Ejector"

p.r = pl6l/pl4]

a = 0.9509*A r +13.033

b = -1E-6*A r*2 + 0.0007*A r - 1.0563
¢ = -3E-7*A r"2 + 5E-5*A r - 0.0673
omega = a*p r"b+c
h[l]=(omega*h[4]+h[6])/ (1+omega)

"Condenser"
g out = h[1l] - h[2]

"Expansion Valve"

h{3] = h[2]

"Evaporator"

g eva = omega* (h[4] - h[3])
" Pump "

w pump = h[5] - h[2]
"Boiler"

g in = h[6] - h[5]

"!Performance Calculation"
COP = g eva/ (g _in + w_pump)

Membrane-Ejector Dehumidifier

"l======= SUBROUTINE ======="

Subprogram vapprop (m_dot sv,m dot sa,p s,T s:omega s,h s,cp s,k s,R s)
"humidity ratio"

omega s = m_dot sv/m dot sa

"pressure vapor of water"

p sv = omega s*p s/ (0.622+omega_s)

"pressure gas of water"

p_sg = p_sat(Steam, T=T_s)

"relative humidity"

phi s = p sv/p sg

"enthalpy calculation"

h sv = enthalpy(Water,T=T s,P=p sv)

h sa = enthalpy(Air,T=T_s)

h s = (m_dot sv*h sv + m dot sa*h sa)/(m dot sv + m dot sa)
"specific heat capacity"

cp _sa = cp(Air,T=T_s)
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cp_sv cp (Water, T=T_ s, x=1)

cv_sa = cv(Alir,T=T_s)

Ccv_sv cv (Water, T=T s, x=1)

cp_s = (m_dot sv*cp sv + m _dot sa*cp sa)/(m _dot sv+m dot sa)
"specific heat ratio"

k sa = cp_sa/cv_sa

k sv = cp_sv/cv_sv

k s = (m_dot sv*k sv + m dot sa*k sa)/(m _dot sv+m dot sa)
"specific gas constant"

R sa = cp_sa - cv_sa

R sv = cp_sv - CV_sVv
R s = (m _dot sv*R sv + m dot sa*R sa)/(m dot sv+m dot sa)
End

Subprogram boilprop(T p:k p,R p,h p,cp p,p_pP)
"pressure at saturated condition"
p_p=p_sat (Water, T=T p)

"specific heat capacity"

cp p = cp(Water,T=T p,x=1)

cv_p = cv(Water,T=T p,x=1)
"specific heat ratio"

k_ p = cp_p/cv_p

"specific gas constant"
Rp=cpp-cvp

"enthalpy calculation"

h p = enthalpy (Water, T=T p, x=1)
End

Subprogram subl (p p,A t,k v,eta p,T p,R p:m dot p)

"find mass flow rate of primary flow"

m _dot p=p p*convert (bar, N/m2)*A t*sqrt(k v*eta p*((2/(k_v+1l))"
w((k_v+1)/(k_v-1)))/ (converttemp('C','K',T p)*R p*convert (kJ,N-m)))
End

Subprogram sub2 (A pl,A t,k v,p p:M pl,p pl)

"find Mach number of primary flow at cross section 1-1"
(A_pl/A_t)"2=(1/M)* ((2/ (k_v+1))* (1+ (((k_v-1)*M) /2))) " ((k_v+1)/(k_v-1))
M pl=sqgrt (M)

"find pressure of primary flow at cross section 1-1"

p_pl=p_p/ (1+((k_v-1)*M pl~2/2))" (k_v/ (k_v-1))

End

Subprogram sub3(p s, k s :p sy, p py, p.m, M sy)

"Critical condition"

M sy=1

"find pressure of secondary flow at cross section y-y in critical
condition"

plstar sy=p s*(1+((k s-1)*(M sy"2)/2))"(-k_s/(k s-1))

"condition at cross section y-y"

p_sy = plstar sy

p_py = plstar_sy
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p m = plstar_ sy
End

Subprogram sub4 (p py,p pl,k v,M pl,A pl,eta py:M py,A py)
"find Mach number of primary flow at cross section y-y"
(p_py/p_PLl)=(((1+((k_v-1)/2)*M _pl~2))~ (k_v/(k_v-1)))/

(14 ((k_v-=1) /2) *M_py"2)) * (k_v/ (k_v-1))

"find cross section area of primary flow at cross section y-y"

(A py/A pl)=((eta py/M py)* ((2/(k_v+1))*(1+((k _v-1)/2)*M py~2))"
w((k_v+1) /(2% (k_v=1))))/ ((1/M pl)*((2/(k_v+1))*(1+((k _v-1)/2)*M pl~2))"
w((k_v+1) /(2% (k_v-1))))

End

Subprogram sub5 (A py,A 2,T s,T p,p sy,p S,k v,k s,M py,M sy,R v,R s:
A _sy,T_sy,T_py,V_sy,V_py)

"find cross section area of secondary flow at cross section y-y"
A py+A sy=A 2

"find temperature of secondary flow at cros section y-y"

T sk=converttemp ('C','K', T s)

(T_syk/T_sk)=(p_sy/p_s) " ((k_s-1)/k_s)

T sy=converttemp ('K','C',T syk)

"find temperature of primary flow at cros section y-y"

T pk=converttemp ('C','K',T p)

(T_pk/T_pyk)=(1+((k_v-1)/2)*M py"2)

T py=converttemp ('K','C',T pyk)

"find velocity of secondary flow at cross section y-y "

V_sy=M sy*sqrt(k_s*R_s*convert (kJ, kg-m*2/s"2) *
..converttemp('C', 'K', T sy))

"find velocity of primary flow at cross section y-y "

V_py=M py*sqgrt (k_v*R v*convert (kJ, kg-m"2/s"2) *
..converttemp ('C', 'K', T py))

End

Subprogram sub6 (p_s,A sy,k s,eta s,T s,R s:m dot_ s)

"find the mass flow rate of secondary flow-Critical"

m_dot s=p s*convert (bar,N/m2)*A sy*sqrt(k s*eta s*((2/(k_s+1))"
w((k_s+1)/(k_s-1)))/ (converttemp('C','K',T s)*R s*convert (kJ,N-m)))
End

Subprogram sub7 (psi m,m dot p,V py,T py,p py,m dot s,V sy,T sy,
.Cp_p, cp_s,omega s,p m:V m,T m,cp m,cv.m,k mR m,M m,p 2,M 2,
.p_c, omega m,m dot mv,m dot ma,m dot m)

"find velocity of mixture"

psi m* ((m_dot p*V py)+(m dot s*V sy))=(m _dot p+m dot s)*V m
"find enthalpy calculation of primary flow at cross section y-y"
m _dot p* ((cp p*convert (kJ, kg-m"2/s”2) *converttemp ('C', 'K',T py))+
. (V_py*2/2))+m_dot s*((cp_s*convert (kJ,kg-m"2/s"2) *

..converttemp ('C', 'K',T _sy))+(V_sy*2/2))=(m_dot p+m dot s)*
..(h_m*convert (kJ, kg-m*2/s%2) +(V_m"2/2))

"find mass flow composition of mixture"

m dot m = m dot p+m dot s

m dot mv =m dot p+(omega s/ (l+omega s))*m dot s

m dot ma =(1/(l+omega_s))*m dot s

omega m = m_dot mv/m dot ma
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"find temperature calculation of mixing flow at constant cross section
area"

h m =(m dot mv*cp(Water,T=T m,x=1) +
m_dot_ma*cp(Air,T=T_m))*converttemp('C','K',T_m)/m_dot_m

"find specific heat capacity of mxture"

cp_am = cp(Air,T=T m)

cp _vm = cp(Water, T=T m, x=1)

cv_am = cv(Air,T=T m)

cv_vm = cv(Water,T=T m, x=1)

cp m = (m _dot mv*cp vm + m_dot ma*cp am)/(m dot mv+m dot ma)
cv.m = (m _dot mv*cv_vm + m _dot ma*cv_am)/(m _dot mv+m dot ma)
"specific heat ratio"

km=cp m/cvm

"specific gas constant"

Rm=cpm-cvm

"find the mach number of mixture"

M m=V_m/sqrt (k_ m*R m*convert (kJ, kg-m"2/s"2) *converttemp ('C', 'K',T m))
"find pressure at cross section 2-2"

(p_2/p m)=1+((2*k_m/ (k_m+1))* (M m*2-1))

"find the mach number at cross section 2-2"

M 27°2=(1+(((k m-1)/2)*M m"2))/ ((k m*M m*2)-((k m-1)/2))
"find the pressure at cross section at c-c"

(p_c/p 2)=(1+((k_m-1)/2)*M 272)"(k m/(k m-1))

End

Subprogram sub8 (m dot s,m dot p, h s, h p,omega m, p c,eta e:
.p_cv, omega, h c, T c)

" find the entrainment ratio"

omega = m_dot s/m dot p

"find entalphy at the output of ejector”

h ¢ = eta e*(omega*h s + h p)/(omega + 1)

"find partial pressure at output of ejector"

p_cv = omega m*p c/(0.622+omega m)

"find Temperature at output of ejector"

h ¢ = ((enthalpy(Air,T=T c)) +
omega m* (enthalpy (Water, T=T c,P=p cv)))/ (l+omega m)
End

Subprogram sub9(p_ s,k s,eta s,T s,R s,m dot s:A sy)

"find the flow area of secondary flow at critical condition at cross
section y-y"

m_dot s=p s*convert (bar,N/m2) *A sy*sqrt(k s*eta s*((2/(k_s+1))"
..((k_s+1)/(k_s-1)))/ (converttemp('C', 'K', T s)*R s*convert (kJ,N-m)))
End

Subprogram sublO(A py,A sy,T s,T p,p_sy,p s,k v,k s,M py,M sy,R v,R s:
A2, T sy, T _py,V_sy,V_py)

"find cross section area of secondary flow at cross section y-y"

A py+A sy=A 2

"find temperature of secondary flow at cros section y-y"

T sk=converttemp ('C','K', T s)

(T_syk/T_sk)=(p_sy/p_s) " ((k_s-1)/k_s)

T sy=converttemp ('K','C',T syk)

"find temperature of primary flow at cros section y-y"
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T pk=converttemp ('C','K',T p)
(T_pk/T_pyk)=(1+((k_v-1)/2)*M_py"2)

T py=converttemp ('K','C', T pyk)

"find velocity of secondary flow at cross section y-y "
V_sy=M sy*sqrt(k_s*R s*convert (kJ, kg-

m~2/s”2) *converttemp ('C', 'K',T_sy))

"find velocity of primary flow at cross section y-y "
V_py=M py*sqgrt(k v*R v*convert (kJ, kg-
m"2/s"2)*converttemp ('C', 'K', T py))

End

Subprogram dimensionl(d t, d 1, A r: A t, A pl, A 2)
"find throat area of nozzle"

At = 0.25%(d t*2)*pi*convert (mm*2,m"2)

"find outlet area of nozzle"

A pl = 0.25*(d_1"2) *pi*convert (mm"2,m"2)

"find constant area of ejector"

A2 =DACt*Ar

End

Subprogram dimension2(d t, d 1: A t, A pl)
"find throat area of nozzle"

A t = 0.25%(d _t"2)*pi*convert (mm*2,m"2)
"find outlet area of nozzle"

A pl = 0.25*(d_1"2) *pi*convert (mm"2,m"2)
End

Subprogram finddt (m dot s,omega,p p,k v,eta p,T p,R s:m dot p,d t)
"find mass flow of primary flow"

m dot p = m dot s/omega

"find area of nozzle throat"

m_dot p=p p*convert (bar,

N/m2) *A_t*sqgrt(k_v*eta p* ((2/(k_v+1))"((k_v+l)/(k v-1)))/
..(converttemp ('C', 'K',T p)*R s*convert (kJ,N-m)))

"find throat diameter of nozzle"

A t = 0.25%(d _t"2)*pi*convert (mm"2,m"2)

End

Subprogram condenser (m_dot mv, m dot ma, p cl, omega in, h cl, T c2,
.p_c2:p cv2,omega out,g c,h cout,h cw, m dot cvout,

.m_dot caout, m dot cout, m dot cwout, p_ cout)

"find saturated partial pressure of vapour"
p_cv2=p sat (Water,T=T c2)

"find partial pressure of vapor for mixture at inlet of condenser"
omega out = 0.622*p cv2/(p_cl-p cv2)

"find omega m2 og mixture at oulet of condenser"

(1+omega _in)*h cl = g _c*(omega in+l) + (omega in - omega out)*
..enthalpy (Water, T=T c2,x=0) + enthalpy(Air,T=T c2) +

..omega_ out*enthalpy (Water, T=T c2,x=1)

"find enthalpy at output of condenser"

h cout = ((enthalpy(Air,T=T c2)) +

omega_ out* (enthalpy(Water,T=T c2,x=1)))/(l+omega_ out)

"find enthalpy of water out from condenser"

h cw = enthalpy (Water,T=T c2,x = 0)
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"find mass flowrate at outlet of condenser"
m_dot cvout = omega out*m dot ma

m_dot caout = m dot ma

m_dot cout = m dot cvout+m dot caout

m_dot cwout = m dot mv-m dot cvout

"find pressure at outlet of condenser"
p_cout = p c2

End

Procedure findmdots (m_dot sv,
m dot sa,p s,k s,eta s,T s,R s,A py,T p,p_sy,k p,M py,M sy,R p,A rl,
.A rh,A t:m dot s,A sy,T sy,T py,V _sy,V py,A rt)

Ar=(Arl+ A rh)/2
A2=RACt*A T
Call

sub5(A py,A 2,T s,T p,p_sy,p s,k p,k s,M py,M sy,R p,R s:A sy,T sy,
~I_py,V_sy,V_py)

Call sub6(p_s,A sy,k s,eta s,T s,R s:m dot_s)

m _dot st = m dot sv + m _dot_sa

m _dot smar = m _dot st - m dot s

i=0

Repeat
If (m _dot smar > 0) Then
Arl =Acr

Else

A rh =ATr

Endif

Ar= (Arl + A rh)/2
A2 =DACt*A T

Call

subb5(A_py,A 2,T s,T p,p_sy,p_s,k p,k_s,M py,M sy,R p,R s:A sy,T_sy,
.T_py,V_sy,V_py)

Call sub6(p s,A sy,k s,eta s,T s,R s:m dot_s)

m dot smar = m dot st - m dot s

i=1+1

Until (abs(m _dot smar) <= 0.000001)

A rt =Arx

End

Procedure findpc(d tl, d th, p p, kv, eta p, T p, Rv, p s, k s,
..eta py, A sy, T s, R s, psi m, m dot s, cp p, cp_s, omega s, p ct:
~A_t,m dot_p,M pl,p _pl,M sy,M py,A py,A 2,T sy,T_py,T_mR mMmp_ 2,
.M 2,p ¢, omega m,m dot mv,m dot ma,m dot m, d tt, A r)

d t = (dtl + dth)/2

d 1l =1.5*d t

Call dimension2(d t, d 1: A t, A pl)

Call subl(p p,A t,k v,eta p,T p,R v:m dot p)

Call sub2(A pl,A t,k v,p p:M pl,p pl)

Call sub3(p s, k s :p sy, p py, p.m, M sy)

Call sub4(p py,p pl,k v,M pl,A pl,eta py:M py,A py)

Call sublO(A py,A sy,T s,T p,p_sy,p s,k v,k s,M py,M sy,R v,R s:
“A_2,T sy,T py,V_sy,V_py)
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Call
.CPp_p
.p_C,
p_cma
1i=0

Repea
If (p
d tl
Else
d th
Endif

dt =
d1l =
Call
Call
Call
Call
Call
Call
WA 2,
Call
..Cp_s
..omeg
p_cma
i =1
Until
d tt
A r =
End

Sifno
T p[l
T pl[2
d tl

T amb
ome =
Sendi

T s[1
m =5
m_dot
m_dot
p_sl3

" Eje
d 11
" Ini

sub7 (psi m,m dot p,V py,T py,p py,m dot s,V sy,T sy,
, Cp_s,omega _s,p m:V.m,T m,cp m,cv.m,k m,RmMmp 2,M 2,
omega m,m dot mv,m dot ma,m dot m)

r =pct -pc
t
~cmar > 0) Then
=d t
=dt
(d_ tl + d th)/2
1.5*d t
dimension2(d t, d 1: A t, A pl)

subl(p p,A t,k v,eta p,T p,R v:m dot p)
sub2 (A pl,A t,k v,p p:M pl,p pl)
sub3(p_s, k s :p sy, p py, p.m, M sy)
sub4d (p_py,p pl,k v,M pl,A pl,eta py:M py,A py)
sublO (A py,A sy,T s,T p,p sy,p_s,k v,k s,M py,M sy,R v,R s:
T_sy,T_py,V_sy,V_py)
sub7 (psi m,m dot p,V py,T py,p py,m dot s,V sy,T sy, cp_p,
,omega_s,p m:V.m,T m,cp m,cv.m,k m,R mMm,p 2,M 2,p ¢,
a m,m dot mv,m dot ma,m dot m)
r =pct - pc

+1 B

(abs (p_cmar) <= 0.000001)
=dt

A 2/A t

t in parametric table
] = 120 [C]

] = 120 [C]

= 3.5 [mm]

= 33 [C]

13

f

=== EJECTOR CONDITION INPUT ======="
t for ejector I condition"

] = 0.016 [bar]

] = T amb

.6*convert (kg/hr, kg/s)

~sv[l] = m—m dot sal[l]

~sa[l] = m/(ome+l)

1= 0.113 [bar]

ctor IA"

= 10 [mm]
tial value"
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A rli = 30
"Limit"
A rll =0

A rlh = 500

"coefficient"
eta pl =1
eta s1 =1

eta pyl =1
eta el =1
phi ml 0.88

" Ejector IB"
"Limit"

d t21 =0

d t2h = 1000

"coefficient"
eta p2 =1
eta s2 =1
eta py2 =1
eta e2 =1

phi m2 = 0.88

"======= CONDENSER PARAMETER INPUT======="
T s[4] = T amb

"l ======= CALCULATION ========"

"=======  EJECTOR CALCULATION IA ======="

Call dimensionl(d tl, 4 11, A rli: A tl, A pll, A 21)

Call boilprop(T pl[l]:k p[l1],R p[1l],h p[l],c ppl[l], p p[1])

Call vapprop(m dot sv[l],m dot sa[l]l,p s[1],T s[1]:

.omega s[l],h s[1],c ps[l],k s[1],R s[1])

Call subl(p p[l],A tl,k p[l],eta pl,T p[l],R p[l]l:m dot p[1l])

Call sub2(A pll,A tl,k p[l],p p[l]:M pll,p pll)

Call sub3(p_s[1l], k s[l] :p syl, p pyl, p ml, M syl)

Call sub4(p pyl,p pll,k p[l],M pll,A pll,eta pyl:M pyl,A pyl)

Call findmdots(m dot sv[1l], m dot sal[l],p s[l],k s[l],eta s1,T s[1],
.R s[l1l],A pyl,T p[l],p syl,k p[l1],M pyl,M syl,R p[1],A rl1l,A rlh,A tl:
..m dot s[1],A syl,T syl,T pyl,V syl,V pyl,A rl)

Call sub7(phi_ml,m_dot_p[l],V_pyl,T_pyl,p_pyl,m_dot_s[1],

.V _syl,T syl,c ppll], c psl[l],omega s[1l],p ml:V ml,T ml,c pml,c vml,
.k ml,R ml,M ml,p 21,M 21,p s[2], omega ml,m dot mvl,m dot mal,
..m_dot ml)

Call sub8(m dot s[l],m dot p[l], h s[1l], h pl[l],omega ml, p s[2],
..eta el:p sv[2], omega 1, h cl, T s[2]

"transfer parameters for next ejector"

m dot sal[2] = m dot mal
m dot sv[2] = m dot mvl
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m dot s[2] = m dot sa[2] + m dot sv[2]
"=======  EJECTOR CALCULATION IB ======="

Call vapprop(m dot sv[2],m dot sal[2],p s[2],T s[2]:omega s[2],h s[2],
.c_psl2],k s[2],R s[2])

Call boilprop(T p[2]:k p[2],R pl[2],h

Call sub9(p s[2],k s[2],eta s2,T s[2

Call findpc(d t21, d t2h, p pl2], k_

.p_sl[2], k s[2], eta py2, A sy2, T s R s[2], phi m2, m dot s[2],

.c_ppl2], c ps[2], omega s[2],p s[3]:A t2,m dot p[2],M pl2,p pl2,M sy2,

.M py2,A py2,A 22,T sy2,T py2,T m2,R m2,M m2,p 22,M 22,p c2,

..omega s[3],m dot sv[3],m dot sa[3],m dot s[3], d t2, A r2)

Call sub8(m dot s[2],m dot p[2], h s[2], h p[2],omega s[3], p s[3],

..eta e2:p sv[3], omega 2, h s[3], T s[3])

[2],c_ppl2], p_pP[2])
R s[2],m dot s[2]:A sy2)

P
[2], eta p2, T pl2], R pl2],
21,

]
p
[

"=======  CONDENSER CALCULATION ======="

Call condenser (m dot sv[3],m dot sal[3], p s[3], omega s[3], h s[3],
.T s[4], p_s[3]:p_sv[4],omega s[4],9 c,h s[4],h cw, m dot sv[4]
.m_dot sa[4], m dot s[4], m dot cw, p_ s[4])

4

"======= ENERGY ========"

Q in 1 = m dot p[1]*(h p[1]-h cw)

Q in 2 = m dot p[2]*(h p[2]-h cw)

omega overall= =m dot s[l]/(m dot p[l]l+m dot p[2])
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