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LNG is the  liquid form of natural gas people use in their
homes for cooking and heating. LNG is made at a
liquefaction plant and is restored to a gas at a
regasification plant. So, the main concerns of LNG plant
thermodynamics must be well understood for analysis
and evaluation.
This chapter introduces an overview of LNG
thermodynamics and different refrigeration cycles
characteristics. 1- The First Law of
thermodynamics
2- Second law of
thermodynamics
Reversibility
What is enthalpy?
5- Latent heat and sensible heat
6- Exergy
7- The third law of
Thermodynamic
8- Refrigeration cycles, types,
characteristics and
troubleshooting
LNG Plant
Thermodynamics
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1. The First  Law of thermodynamics
The first law of thermodynamics, also known as the conservation of energy
principle, states that energy can be neither created nor destroyed during a
process; it can only change forms or during an interaction between a system and
its surroundings, the amount of energy gained by the system must be exactly
equal to the amount of energy lost by the surroundings.
Total energy of a system (The object or region of interest)– It comes from the
total kinetic and potential energy of molecules which compose the system. So,
the change in the total energy of a system during a process is the sum of the
changes in its internal, kinetic, and potential energies and can be expressed as
̇ ( )
̇ ( )
̇ ( )
Another type of energy is that cross the boundary of a closed system and
come from the surrounding (Everything outside of the system) So, Energy can
be transferred to or from a system in three forms: heat, work, and mass flow.
1. Heat Transfer, Q Heat transfer to a system (heat gain) increases the
energy of the molecules and thus the internal energy of the system
(positive value), and heat transfer from a system (heat loss) decreases it
since the energy transferred out as heat comes from the energy of the
molecules of the system (negative value).
2. Work Transfer, W An energy interaction that is not caused by a
temperature difference between a system and its surroundings is work. A
rising piston, a rotating shaft, and an electrical wire crossing the system
boundaries are all associated with work interactions. Work transfer to a
system (i.e., work done on a system) increases the energy of the
system(positive), and work transfer from a system (i.e., work done by the
system) decreases it since the energy transferred out as work comes from
the energy contained in the system(negative).
3. Mass Flow, m Mass flow in and out of the system serves as an additional
mechanism of energy transfer. When mass enters a system, the energy of
the system increases because mass carries energy with it (positive).
Likewise, when some mass leaves the system, the energy contained
within the system decreases because the leaving mass takes out some
energy with it (negative).
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Since the mass  flow can expressed as
̇ ( )
The change in energy from the surrounding can be counted in
( ) ( ) ( ) ( )
General Form of the first law of thermodynamics will be
( ) ( )
It is mean with increasing the energy change of the system, the energy
change of the surrounding must be decrease so that the sum of both equals
zero
The final form after substitution for the open system will be
( ) ( ) ( )
̇ [ ( ) ( ) ( )]
( ) ( )
̇ *( ) ( ) ( ) ( )+
FIGURE 1: OPEN SYSTEM WITH ENERGY AND MASS FLOW
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 For a  steady state system,
2. Second law of thermodynamics
There are two classical statements of the second law—the Kelvin–Planck
statement, which is related to heat engines, and the Clausius statement,
which is related to refrigerators or heat pumps.
 Clausius Statement "It is impossible to construct a device that operates in
a cycle and whose sole effect is the transfer of heat from a cooler body to
a hotter body".
 Kelvin-Planck Statement "It is impossible to construct a device that
operates in a cycle and produces no other effect than the production of
work and the transfer of heat from a single body".
3. Reversibility
A reversible process is defined as a process which, having taken place can
be reversed and in so doing leaves no change in either the system or the
surroundings. Observe that our definition of a reversible process refers to
both the system and the surroundings. This is possible only if the net heat
and net work exchange between the system and the surroundings is zero for
the combined (original and reverse) process. Processes that are not
reversible are called irreversible processes.
Reversible processes actually do not occur in nature. They are merely
idealizations of actual processes. Reversible processes can be approximated
by actual devices, but they can never be achieved. That is, all the processes
occurring in nature are irreversible.
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The factors that  cause a process to be irreversible are called irreversibilities.
 Friction (some work is needed to overcome this friction force. The energy
supplied as work is eventually converted to heat during the process and is
transferred to the bodies in contact, when the direction of the motion is
reversed; heat is not converted back to work.)
 Unrestrained expansion (of a gas separated from a vacuum by a
membrane. When the membrane is ruptured, the gas fills the entire tank.
The only way to restore the system to its original state is to compress it to
its initial volume, while transferring heat from the gas until it reaches its
initial temperature)
 Heat transfer (through a finite temperature difference. Heat is transferred
from the warmer to the cooler. The only way this process can be reversed
to its original temperature is to provide refrigeration)
The process obviously has to be a quasi equilibrium process; additional
requirements are:
1. No friction is involved in the process.
2. Heat transfer occurs due to an infinitesimal temperature difference only.
3. Unrestrained expansion does not occur.
The mixing of different substances and combustion also lead to irreversibilities,
but the above three are the ones of concern in the study of the devices of
interest.
4.Enthalpy?
In the analysis of certain types of processes, particularly in power generation
and refrigeration, we frequently encounter the combination of properties u +
Pv. For the sake of simplicity and convenience, this combination is defined as
a new property, enthalpy, and given the symbol h:
The quantity hfg is called the enthalpy of vaporization (or latent heat of
vaporization). It represents the amount of energy needed to vaporize a unit
mass of saturated liquid at a given temperature or pressure.It denotes the
difference between the saturated vapor and saturated liquid values of the
same property (hg-hf). It decreases as the temperature or pressure
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5.Latent heat and  sensible heat
It is known that all substances can hold a certain amount of heat; this property is
their thermal capacity. When a liquid is heated, the temperature of the liquid
rises to the boiling point. This is the highest temperature that the liquid can
reach at the measured pressure. The heat absorbed by the liquid in raising the
temperature to the boiling point is called sensible heat. The heat required
converting the liquid to vapor at the same temperature and pressure is called
latent heat. In fact, it is the change in enthalpy during a state change (the
amount of heat absorbed or rejected at constant temperature at any pressure, or
the difference in enthalpies of a pure condensable fluid between its dry
saturated state and its saturated liquid state at the same pressure).
6.The third law of thermodynamics
The entropy of a pure crystalline substance at absolute zero temperature is zero
since there is no uncertainty about the state of the molecules at that instant.
7.Entropy
Entropy can be viewed as a measure of molecular disorder, or molecular
randomness. As a system becomes more disordered, the positions of the
molecules become less predictable and the entropy increases
7.1 Mechanisms of Entropy Transfer, Sin and Sout
Entropy can be transferred to or from a system by two mechanisms: heat
transfer and mass flow (in contrast, energy is transferred by work also).
 Heat transfer to a system increases the entropy of that system and thus
the level of molecular disorder or randomness, and heat transfer from a
system decreases it.
 Mass contains entropy as well as energy, and the entropy and energy
contents of a system are proportional to the mass. (When the mass of a
system is doubled, so are the entropy and energy contents of the
system.) Both entropy and energy are carried into or out of a system by
streams of matter, and the rates of entropy and energy transport into or
out of a system are proportional to the mass flow rate. Closed systems do
not involve any mass flow and thus any entropy transfer by mass.
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7.2 Entropy Balance
The  entropy change of a system during a process is greater than the entropy
transfer by an amount equal to the entropy generated during the process
within the system, and the increase of entropy principle for any system is
expressed as
This relation is often referred to as the entropy
balance and is applicable to any system
undergoing any process. The entropy balance
relation above can be stated as: the entropy
change of a system during a process is equal to
the net entropy transfer through the system
boundary and the entropy generated within the
system.
7.3 Entropy Generation, Sgen
Irreversibilities such as friction, mixing, chemical reactions, heat transfer
through a finite temperature difference, unrestrained expansion,
nonquasiequilibrium compression, or expansion always cause the entropy of a
system to increase, and entropy generation is a measure of the entropy created
by such effects during a process.
 For a reversible process (a process that involves no irreversibilities), the
entropy generation is zero and thus the entropy change of a system is
equal to the entropy transfer.
 A closed system involves no mass flow across its boundaries, and its
entropy change is simply the difference between the initial and final
entropies of the system
 For an adiabatic process (Q = 0), the entropy transfer term in the above
relation drops out and the entropy change of the closed system becomes
equal to the entropy generation within the system boundaries
8.Exergy ?
The work potential of the energy contained in a system at a specified state is
simply the maximum useful work that can be obtained from the system. The rest
of the energy is eventually discarded as waste energy and is not worthy of our
consideration. Thus, it would be very desirable to have a property to enable us
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to determine the  useful work potential of a given amount of energy at some
specified state. This property is Exergy, which is also called the availability or
available energy.
In an energy analysis, the initial state is specified, and thus it is not a variable.
The work output is maximized when the process between two specified states is
executed in a reversible manner. Therefore, all the irreversibilities are
disregarded in determining the work potential. Finally, the system must be in the
dead state at the end of the process to maximize the work output.
A system is said to be in the dead state when it is in thermodynamic equilibrium
with the environment it is in. At the dead state, a system is at the temperature
and pressure of its environment (in thermal and mechanical equilibrium); it has
no kinetic or potential energy relative to the environment (zero velocity and zero
elevation above a reference level); and it does not react with the environment
(chemically inert). Also, there are no unbalanced magnetic, electrical, and
surface tension effects between the system and its surroundings.
Energy, exergy, and entropy flow in and out a building envelope system. The
amounts of energy flowing in and out are the same under thermally steady-state
condition according to the law of energy conservation; on the other hand,
the amount of entropy flowing out is larger than flowing in according to the law of
entropy increase. The amount of exergy flowing out is smaller than flowing in,
since exergy is consumed within the system to produce entropy.
FIGURE 2: EXERGY AND ENTROPY CONCEPT
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We can define  Irreversibility ais the difference between the reversible work Wrev
and the useful work Wu is due to the irreversibilities present during the process
and is called the irreversibility I. It is equivalent to the exergy destroyed and is
expressed as
Where Sgen is the entropy generated during the process. For a totally reversible
process, the useful and reversible work terms are identical and thus
irrevers-ibility is zero.
8.1 Exergy Destruction
Irreversibilities such as friction, mixing, chemical reactions, heat transfer
through finite temperature difference, unrestrained expansion, non-quasi-
equilibrium compression, or expansion always generate entropy, and anything
that generates entropy always destroys exergy. The exergy destroyed is
proportional to the entropy generated as expressed as
:
8.2 Exergy Balances
Exergy balance for any system undergoing any process can be expressed as
General:
destroyed 0 gen rev, out u, out u, in rev, in
I X T S W W W W
     
destroyed 0 gen
X T S

Total Total Total Change in the
exergy exergy exergy total exergy
entering leaving destroyed of the system
       
       
  
       
       
       
in out destroyed system
Net exergy transfer Exergy Change
by heat, work, and mass destruction in exergy
X X X X
   
destroyed
0 Irreversible proces
0 Reversible process
0 Impossible process
X
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9.Refrigeration
A major application  area of thermodynamics is refrigeration, which is the transfer
of heat from a lower temperature region to a higher temperature one. Devices
that produce refrigeration are called refrigerators, and the cycles on which they
operate are called refrigeration cycles..
9.1 REFRIGERATORS AND HEAT PUMPS
We all know from experience that heat flows in the direction of decreasing
temperature, that is, from high-temperature
regions to low-temperature ones.
This heat-transfer process occurs in nature
without requiring any devices. The reverse
process, however, cannot occur by itself. The
transfer of heat from a low-temperature region to
a high-temperature one requires special devices
called refrigerators.
Refrigerators are cyclic devices, and the working
fluids used in the refrigeration cycles are called
refrigerants. Here QL is the magnitude of the
heat removed from the refrigerated space at
temperature TL ,QHis the magnitude of the heat
rejected to the warm space at temperature TH ,
and Wnet,inis the net work input to the refrigerator.
Another device that transfers heat from a low-temperature medium to a high-
temperature one is the heat pump. Refrigerators and heat pumps are essentially
the same devices; they differ in their objectives only. The objective of a
refrigerator is to maintain the refrigerated space at a low temperature by
removing heat from it. Discharging this heat to a higher-temperature medium is
merely a necessary part of the operation, not the purpose. The objective of a
heat pump, however, is to maintain a heated space at a high temperature. This is
accomplished by absorbing heat from a low-temperature source, such as well
water or cold outside air in winter, and supplying this heat to a warmer medium
such as a house
The performance of refrigerators and heat pumps is expressed in terms of the
coefficient of performance (COP), defined as
These relations can also be expressed in the rate form by replacing the
quantities QL, QH, and Wnet,in by Q.
L, Q.
H, and W.
net,in, respectively. Notice that
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both COPR and  COPHP can be greater than 1. A comparison of both equations
reveals that
For fixed values of QLand QH. This relation implies that COPHP> 1 since COPR
is a positive quantity
The cooling capacity of a refrigeration system—that is, the rate of heat removal
from the refrigerated space—is often expressed in terms of tons of
refrigeration. The capacity of a refrigeration system that can freeze 1 ton(2000
lbm) of liquid water at 0°C (32°F) into ice at 0°C in 24 h is said to be1 ton. One
ton of refrigeration is equivalent to 211 kJ/min or 200 Btu/min.The cooling load
of a typical 200-m2 residence is in the 3-ton (10-kW)range.
9.2 THE REVERSED CARNOT CYCLE
The Carnot cycle is a totally reversible cycle that consists of two reversible
isothermal and two isentropic processes.
Consider a reversed Carnot cycle executed
within the saturation dome of a refrigerant,
as shown in Fig
 The refrigerant absorbs heat
isothermally from a low-temperature
source at TL in the amount of QL
(process 1-2),
 Then is compressed isentropically to
state 3 (temperature rises to TH)
 After that rejects heat isothermally to a
high-temperature sink at TH in the
amount of QH (process 3-4),
 And finally expands isentropically to
state 1 (temperature drops to TL). The
refrigerant changes from a saturated
vapor state to a saturated liquid state in
the condenser during process 3-4.
FIGURE 3: REVERSED CARNOT CYCLE
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FIGURE 4: CARNOT  CYLCE
The coefficients of performance of Carnot refrigerators and heat pumps are
expressed in terms of temperatures as
9.3 THE IDEAL VAPOR-COMPRESSION REFRIGERATION CYCLE
Many of the impracticalities associated with the reversed Carnot cycle can be
eliminated by vaporizing the refrigerant completely before it is compressed and by
replacing the turbine with a throttling device, such as an expansion valve or
capillary tube. The cycle that results is called the ideal vapor-compression
refrigeration cycle. It consists of four processes:
1-2 isentropic compression in a compressor
2-3 Constant-pressure heat rejection in a condenser
3-4 Throttling in an expansion device
4-1 Constant-pressure heat absorption in an evaporator
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FIGURE 5: VAPOR-COMPRESSION  CYCLE
All four components associated with the vapor-compression refrigeration cycle are
steady-flow devices, and thus all four processes that make up the cycle can be
analyzed as steady-flow processes.
For Compressor
A compressor involves power input ˙Win and energy entering and leaving by the
fluid stream. The steady-flow energy balance can be written as (with negligible
kinetic and potential energies)
Considering again an adiabatic compressor with a steady-flow compression
process, an entropy balance may be written as
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For Condenser
Energy is  entering and leaving by the refrigerant stream and heat is rejected from
the condenser, ( ˙Qout or ˙QH ). The steady-flow energy balance can be written as
(with negligible kinetic and potential energies)˙
̇ ̇ ̇
̇ ̇ ( )
An entropy balance on the condenser may be written as
̇
̇
̇ ̇ (
̇
)
For throttling valve
The refrigerant enters the throttling valve as a liquid and leaves as a saturated
liquid–vapor mixture. The conservation of mass principle requires that
̇ ̇
Energy is entering and leaving by the refrigerant stream. Heat transfer with the
surroundings is negligible and there is no work interaction. Then the steady-flow
energy balance can be written as (with negligible kinetic and potential energies)
̇ ̇
That is, a throttling valve is essentially an isenthalpic (i.e., constant enthalpy)
device. Noting that enthalpy is defined as the sum of internal energy u and flow
energy Pv, we have
An entropy balance on the throttling valve may be written as
̇ ̇ ( )
For evaporator
Energy is entering and leaving by the refrigerant stream and heat is absorbed
from the cooled space, (˙Qin or ˙QL). The steady-flow energy balance can be
written as(with negligible kinetic and potential energies)
̇ ̇ ̇ ̇ ̇ ( )
An entropy balance on the evaporator may be written as
̇ ̇ (
̇
)
Then the steady flow energy equation on a unit–mass basis reduces to
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The condenser and  the evaporator do not involve any work, and the compressor
can be approximated as adiabatic. Then the COPs of refrigerators and heat pumps
operating on the vapor-compression refrigeration cycle can be expressed as
9.4 ACTUAL VAPOR-COMPRESSION REFRIGERATION CYCLE
An actual vapor-compression refrigeration cycle differs from the ideal one in
several ways, owing mostly to the irreversibilities that occur in various
components.
 In the ideal cycle, the refrigerant leaves the evaporator and enters the
compressor as saturated vapor. In practice, however, it may not be possible
to control the state of the refrigerant so precisely. Instead, it is easier to
design the system so that the refrigerant is slightly superheated at the
compressor inlet. This slight overdesign ensures that the refrigerant is
completely vaporized when it enters the compressor.
 Also, the line connecting the evaporator to the compressor is usually very
long; thus the pressure drop caused by fluid friction and heat transfer from
the surroundings to the refrigerant can be very significant.
 The compression process in the ideal cycle is internally reversible and
adiabatic, and thus isentropic. The actual compression process, however,
involves frictional effects, which increase the entropy, and heat transfer,
which may increase or decrease the entropy, depending on the direction.
Therefore, the entropy of the refrigerant may increase (process 1-2) or
decrease (process 1-2'
) during an actual compression process.
 In the ideal case, the refrigerant is assumed to leave the condenser as
saturated liquid at the compressor exit pressure. In reality, however, it is
unavoidable to have some pressure drop in the condenser. Also, it is not
easy to execute the condensation process with such precision that the
refrigerant is a saturated liquid at the end, and it is undesirable to route the
refrigerant to the throttling valve before the refrigerant is completely
condensed. Therefore, the refrigerant is subcooled somewhat before it
enters the throttling valve.
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FIGURE 6: ACTUAL  VAPOR COMPRESSION REFRIGERATOR CYCLE
9.5 Subcooling and superheating
Superheating
The purpose of superheating is to avoid compressor slugging damage.
During the evaporation process, the refrigerant is completely vaporized
partway through the evaporator. As the cool refrigerant vapor continues
through the evaporator, additional heat is absorbed to superheat the
vapor. Under some conditions such pressure losses caused by friction
increase the amount of superheat. If the superheating takes place in the
evaporator, the enthalpy of the refrigerant is raised, extracting additional
heat and increasing the refrigeration effect of the evaporator.
Subcooling
This is a process of cooling the refrigerant liquid below its condensing
temperature at a given pressure. Subcooling provides 100% refrigerant liquid
to enter the expansion device, preventing vapor bubbles from impeding the
flow of refrigerant through the expansion valve. If the subcooling is caused by
a heat-transfer method external to the refrigeration cycle, the refrigerant
effect of the system is increased, because the subcooled liquid has less
enthalpy than the saturated liquid. Subcooling is accomplished by
refrigerating the liquid line of the system, using a higher temperature system.
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Simply we can  state, subcooling cools the refrigerant more and provides the
following accordingly:
 increase in energy loading,
 decrease in electrical usage,
 reducing pull down time,
 more uniform refrigerating temperatures, and
 Reduction in the initial cost.
The enthalpy of subcooled liquid refrigerant hsc, Btu / lb (J / kg), can be
calculated as
Where;
hs,con is enthalpy of saturated liquid refrigerant at condensing temperature, Btu/ lb
(J /kg), cpr is specific heat of liquid refrigerant at constant pressure, Btu/ lb .°F
(J/kg.°C), Ts,con is saturated temperature of liquid refrigerant at condensing
pressure,°F (°C) and Tsc is temperature of subcooled liquid refrigerant,°F (°C)
FIGURE 7: MECHANICAL SUBCOOLING USING HEAT EXCHANGER
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Types of vapor  compression cycle:
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9.6 Multi-evaporator refrigeration  systems
There are many applications where refrigeration is required at different
temperatures. For example, in a typical food processing plant, cold air may be
required at –30o
C for freezing and at +7o
C for cooling of food products or space
cooling. One simple alternative is to use different refrigeration systems to cater
to these different loads. However, this may not be economically viable due to
the high total initial cost. Another alternative is to use a single refrigeration
system with one compressor and two evaporators both operating at −30o
C. The
schematic of such a system and corresponding operating cycle on P-h diagram
are shown in Figs.
9.6.1 A single stage system with two evaporators
the system consists of a single compressor and a single condenser but two
evaporators. Both evaporators-I and II operate at same evaporator temperature
(-30o
C) one evaporator (say Evaporator-I) caters to freezing while the other
(Evaporator-II) caters to product cooling/space conditioning at 7o
C. It can be
seen that operating the evaporator at –30o
C when refrigeration is required at
+7o
C is thermodynamically inefficient as the system irreversibilities increase
with increasing temperature difference for heat transfer.
FIGURE 8:A SINGLE STAGE SYSTEM WITH TWO EVAPORATORS
The COP of this simple system is given by:
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9.6.2 Individual evaporators  and a single compressor with a pressure-reducing valve
1. Individual expansion valves:
Figures show system schematic and P-h diagram of a multi-evaporator system
that uses two evaporators at two different temperatures and a single compressor.
This system also uses individual expansion valves and a pressure regulating
valve (PRV) for reducing the pressure from that corresponding to the high
temperature evaporator to the compressor suction pressure. The PRV also
maintains the required pressure in high temperature evaporator (Evaporator-II).
Compared to the earlier system, this system offers the advantage of higher
refrigeration effect at the high temperature evaporator [(h6-h4) against (h7-h5)].
However, this advantage is counterbalanced by higher specific work input due to
the operation of compressor in superheated region. Thus ultimately there may
not be any improvement in system COP due to this arrangement.
FIGURE 9:INDIVIDUAL EVAPORATORS, A SINGLE COMPRESSOR WITH A PRESSURE-REDUCING VALVE AND SINGLE
EXPANSION VALVE
The COP of the above system is given by:
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2. Multiple expansion  valves:
FIGURE 10: INDIVIDUAL EVAPORATORS, A SINGLE COMPRESSOR WITH A PRESSURE-REDUCING VALVE AND
MULTIPLE EXPANSION VALVE
It can be seen from the P-h diagram that the advantage of this system compared to
the system with individual expansion valves is that the refrigeration effect of the low
temperature evaporator increases as saturated liquid enters the low stage expansion
valve. Since the flash gas is removed at state 4, the low temperature evaporator
operates more efficiently.
The COP of this system is given by:
Enthalpy at point 2 (inlet to compressor) is obtained by applying mass and energy
balance to the mixing of two refrigerant streams, i.e.,
If the expansion across PRV is isenthalpic, then specific enthalpy h7 will be equal to
h9.
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COP obtained using  the above multi-evaporator systems is not much higher
compared to single stage system as refrigerant vapour at intermediate pressure
is first throttled then compressed, and compressor inlet is in superheated region.
Performance can be improved significantly if multiple compressors are used in
place of a single compressor.
9.7 Cascade Refrigeration Systems
Some industrial applications require moderately low temperatures, and the
temperature range they involve may be too large for a single vapor compression
refrigeration cycle to be practical. A large temperature range also means a large
pressure range in the cycle and a poor performance for a reciprocating
compressor. One way of dealing with such situations is to perform the
refrigeration process in stages, that is, to have two or more refrigeration cycles
that operate in series. Such refrigeration cycles are called cascade refrigeration
cycles.
A two-stage cascade refrigeration cycle is shown. The two cycles are connected
through the heat exchanger in the middle, which serves as the evaporator for the
topping cycle (cycle A) and the condenser for the bottoming cycle (cycle B).
Assuming the heat exchanger is well insulated and the kinetic and potential
energies are negligible, the heat transfer from the fluid in the bottoming cycle
should be equal to the heat transfer to the fluid in the topping cycle. Thus, the
ratio of mass flow rates through each cycle should be
In the cascade system shown in the figure, the refrigerants in both cycles are
assumed to be the same. This is not necessary, however, since there is no mixing
taking place in the heat exchanger. Therefore, refrigerants with more desirable
characteristics can be used in each cycle. In this case, there would be a separate
saturation dome for each fluid, and the T-s diagram for one of the cycles would be
different. Also, in actual cascade refrigeration systems, the two cycles would
overlap somewhat since a temperature difference between the two fluids is
needed for any heat transfer to take place pressure.
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FIGURE 11: CASCADE  REFRIGERATION SYSTEM
9.8 Multistage Compression Refrigeration Systems
The reasons for using a multistage vapor compression system instead of a single-
stage system are as follows:
1. The compression ratio Rcom of each stage in a multistage system is smaller than
that in a single stage unit, so compressor efficiency is increased. Compression
ratio Rcom is defined as the ratio of the compressor’s discharge pressure pdis,
psia (kPa abs.), to the suction pressure at the compressor’s inlet psuc, psia (kPa
abs.), or Liquid refrigerant enters the evaporator at a lower enthalpy and
increases the refrigeration effect.
2. Discharge gas from the low-stage compressor can be desuperheated at the
interstage pressure.
3. This results in a lower discharge temperature from the high-stage compressor
than would be produced by a single-stage system at the same pressure
differential between condensing and evaporating pressures.
Two or three compressors in a multistage system provide much greater flexibility
to accommodate the variation of refrigeration loads at various evaporating
temperatures during part-load operation. The drawbacks of the multistage system
are higher initial cost and a more complicated system than that for a single-stage
system.
 


	27. 60
Interstage pressure is  usually set so that the compression ratio at each stage is
nearly the same forhigher COPs. For a two-stage compound system, interstage
pressure pi, psia (kPa abs.), can be
Two-Stage Compound System with Flash Cooler
FIGURE 12:TWO-STAGE COMPOUND SYSTEM WITH FLASH COOLER
Thermodynamic Analysis
If the heat loss from the insulated flash cooler to the ambient air is small, it can
be ignored. Heat balance of the refrigerants entering and leaving the flash
cooler, gives
Sum of heat energy of refrigerant entering flash cooler=Sum of heat energy of
refrigerant leaving flash cooler
The total mass flow rate=mass flow of vapor+ mass flow of liquid
M't=M'v+M'l
Mt h6=Mv h3+Ml h7
Divide by Mt
h6=xh3+(1-x)h7
h6=xh3+h7-xh7 h7=hfand h3=hg
h6-h7=x (h3-h7)
h6-hf=xhfg
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The fraction of  liquid refrigerant evaporated in the flash cooler x is given as
The fraction x also indicates the quality, or dryness fraction, of the vapor and
liquid mixture in the flash cooler at the interstage pressure.
Ignoring the heat loss from mixing point 9 to the surroundings, we see that the
mixing of the gaseous refrigerant discharged from the first-stage impeller at
point 2 and the vaporized refrigerant from the flash cooler at point 3 is an
adiabatic process. The heat balance at the mixing point before the second-
stage impeller,
h9=xh3+(1-x)h2
Where,
 h2 = enthalpy of gaseous refrigerant discharged from first-stage impeller,
Btu/ lb (kJ /kg)
 h9 = enthalpy of mixture at point 3, Btu/ lb (kJ /kg)
 h3 = enthalpy of saturated vapor refrigerant from flash cooler at point 7,
Btu/ lb (kJ /kg)
For 1 lb (kg) of refrigerant flowing through the condenser, the amount of
refrigerant flowing through the evaporator is (1- x) lb (kg). The refrigeration
effect qL per lb (kg) of refrigerant flowing through the condenser, Btu / lb, (kJ/
kg), can be expressed as
Ql=(1-x) (h1-h8)
Where
 h1 = enthalpy of saturated vapor leaving evaporator, Btu / lb (kJ /kg)
 h8= enthalpy of refrigerant entering evaporator, Btu / lb (kJ /kg)
Total work input to the compressor (including the first- and second-stage
impeller) Win per lb (kg)of refrigerant flowing through the condenser, Btu / lb
(kJ / kg), is
( )( ) ( )( )
The coefficient of performance of the two-stage compound system with a flash
cooler COPR is
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Multi-evaporator system with  individual compressors and multiple expansion valves
FIGURE 13:MULTI-EVAPORATOR SYSTEM WITH INDIVIDUAL COMPRESSORS AND MULTIPLE EXPANSION VALVES
The COP of this combined system is given by:
Where m'I and m'II are the refrigerant mass flow rates through evaporator I and II
respectively
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A THREE-STAGE COMPOUNDSYSTEM  WITHA TWO-STAGE FLASH COOLER
FIGURE 14:A THREE-STAGE COMPOUND SYSTEM WITH A TWO-STAGE FLASH COOLER
Thermodynamic Analysis
x1 at interstage pressure pi1 can be calculated as
( )
 


	31. 64
Where h9, h10,  h11= enthalpies of refrigerants at points 9, 10, and 11,
respectively, Btu / lb (kJ / kg).
In the same manner, the heat balance of the refrigerant entering and leaving the
low-pressure flashcooler, as shown in Fig. b, may be expressed as
( ) ( )
Where h13, h14, h15= enthalpies of the refrigerant at points 13, 14 and 15,
respectively, Btu / lb (kJ / kg). The fraction of liquid refrigerant vaporized in the
low-pressure flash cooler x2 at an interstage pressurepi2 can be evaluated as
( )( )
( )
From a heat balance of the refrigerants entering and leaving the mixing point
before the inlet of the second-stage, as shown in Fig, the enthalpy of the
mixture at point 3, h3 (Btu/ lb orkJ/ kg) is given as
( )
( )
where h2 = enthalpy of the gaseous refrigerant discharged from the first-stage
at point 2,Btu/ lb (kJ / kg). As shown in Fig. d, the enthalpy of the mixture of
vapor refrigerants at point 5,h5, Btu / lb (kJ / kg), can also be evaluated as
( )
Where h4 = enthalpy of the gaseous refrigerant discharged from the second-
stage impeller at point4, Btu/ lb (kJ / kg). The refrigeration effect qL in Btu/ lb of
refrigerant flowing through the condenser is given as
( )( ) ( )( ) ( )
Where h1, h16= enthalpies of the refrigerants leaving the evaporator at point 1
and entering the evaporator at point 14, respectively, Btu / lb (kJ / kg). Total
work input to the three-stage compressor Win, Btu / lb (kJ / kg) of refrigerant
flowing through the condenser, is given by
( )( ) ( )( ) ( )
Where h6 = enthalpy of the hot gas discharged from the third-stage impeller at
point 6, Btu/ lb(kJ/ kg).
The coefficient of performance of this three-stage system with a two-stage flash
cooler is
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( )( )  ( )( ) ( )
( )( ) ( )( ) ( )
9.9 Liquefaction of Gases
The liquefaction of gases has always been an important area of refrigeration
since many important scientific and engineering processes at cryogenic
temperatures(temperatures below about _100°C) depend on liquefied gases.
Some examples of such processes are the separation of oxygen and nitrogen
from air, preparation of liquid propellants for rockets, the study of material
properties at low temperatures, and the study of some exciting phenomena such
as superconductivity.
At temperatures above the critical-point value, a substance exists in the gas
phase only. The critical temperatures of helium, hydrogen, and nitrogen(three
commonly used liquefied gases) are -268, -240, and -147°C,respectively.
Therefore, none of these substances exist in liquid form at atmospheric
conditions. Furthermore, low temperatures of this magnitude cannot be
obtained by ordinary refrigeration techniques. Then the question that needs to
be answered in the liquefaction of gases is this: How can we lower the
temperature of a gas below its critical-point value?
Several cycles, some complex and others simple, are used successfully for the
liquefaction of gases. Below we discuss the Linde-Hampson cycle, which is
shown schematically and on a T-s diagram in Fig.24.Makeup gas is mixed with
the uncondensed portion of the gas from the previous cycle, and the mixture at
state 2 is compressed by a multistage compressor to state 3. The compression
process approaches an isothermal process due to intercooling. The high-
pressure gas is cooled in an after cooler by a cooling medium or by a separate
external refrigeration system to state 4. The gas is further cooled in a
regenerative counter-flow heat exchanger by the uncondensed portion of gas
from the previous cycle to state 5, and it is throttled to state 6, which is a
saturated liquid–vapor mixture state. The liquid (state 7) is collected as the
desired product, and the vapor (state 8) is routed through the regenerator to
cool the high-pressure gas approaching the throttling valve. Finally, the gas is
mixed with fresh makeup gas, and the cycle is repeated.
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FIGURE 15:LINDE-HAMPSON CYCLE
9.10  The reversed Brayton cycle
It is better known as gas refrigeration cycle. The surroundings are at T0, and
the refrigerated space is to be maintained at TL.
• The gas is compressed during process 1-2 in the compressor side.
• The high-pressure, high-temperature gas at state 2 is then cooled in the
condenser at constant pressure to T0 by rejecting heat to the surroundings.
• This is followed by an expansion process in a turbine side, during which the
gas temperature drops to T4. (Can we achieve the cooling effect by using a
throttling valve instead of a turbine)
• Finally, the cool gas absorbs heat from the refrigerated space in the
evaporator until its temperature rises to T1.
FIGURE 16: SIMPLE GAS REFRIGERATION CYCLE
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Refrigeration-cycle performance is commonly stated in terms of coefficient of
performance (COP), which is the ratio of the refrigeration obtained divided by the
work required.
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The regenerative gas cycle is shown in Fig. Regenerative cooling is achieved by
inserting a counter-flow heat exchanger into the cycle. Without regeneration, the
lowest turbine inlet temperature is T0, the temperature of the surroundings or any
other cooling medium. With regeneration, the high-pressure gas is further cooled
to T4 before expanding in the turbine. Lowering the turbine inlet temperature
automatically lowers the turbine exit temperature, which is the minimum
temperature in the cycle. Extremely low temperatures can be achieved by
repeating this process.
FIGURE 17:THE REGENERATIVE GAS CYCLE
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10. Refrigerants
A refrigerant  is a compound used in a refrigeration cycle that reversibly undergoes
a phase change from a gas to a liquid. Refrigerants can be classified as below
10.1 Classification
TABLE 1 : REFRIGERANTS CLASSIFICATION
10.2 Desirable Properties of Refrigerants
 A high critical temperature is desirable as it is impossible to condense the
refrigerant at a temperature above the Critical.
 A refrigerant should have a low boiling temperature
 The refrigerant chosen must have a freezing point well below the operating
temperature.
 Low refrigerant densities are usually preferable
 A high latent heat of vaporization is desirable because it is usually
associated with a high refrigerating effect per unit mass of refrigerant
circulated.
 The refrigerant should be chemically stable in operating conditions
 The refrigerant should have no chemical reaction with the lubricating oil.
 The refrigerant should be non toxic, non corrosive and inert.
Type Industrial Name Chemical Formula
Inorganic Refrigerants
R717 NH3
R744 CO2
Halocarbon Refrigerants CFC R11 CCl3F
R12 CCl2F2
HCFC R22 CHClF2
R134a CF3FCH2F
Hydrocarbon Refrigerants R50 CH4
R290 CH3CH2CH3
Azeotropes
R500 C12-73.8%
R115-26.2%
R501 R22-75%
R12-25%
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10.3 Ton of  refrigeration (TOR)
The cooling capacity of older refrigeration units is often indicated in "tons of
refrigeration" (TOR). A ton of refrigeration represents the heat energy
absorbed when a ton (2000lbs) of ice melts during a 24-hour day. The ice
assumed to be solid as 32 degrees F. (0 degrees C.) initially and becomes
water at 32 degrees F. (0 degrees C.). The energy absorbed by the ice is the
latent heat of ice times the total weight.
Today, refrigeration units are often rated in Btu/hr or KW instead of tons. The
Btu equivalent of one ton of refrigeration is easy to calculate. Multiply the
weight of one ton of ice (2000lbs.) by the latent heat of fusion (melting) of ice
(144 Btu/lb.). Then divide by 24 hours to obtain Btu/hr.
TOR = 2000 X 144/24
TOR = 288,000 Btu/24 hours
TOR = 12,000 Btu/hr.
TOR = 3.51 kW.
10.4 System Configuration
Energy consumption is frequently reduced as the number of stages is
increased. For a propane refrigeration system, Table. 2 illustrates the effect of
interstages without using refrigeration at intermediate levels. However, the
installation cost of such refrigeration systems increases as the number of
stages increases. The and has to be determined for a set of economic criteria.
TABLE 2 : EFFECT OF STAGING ON A PROPANE REFRIGERATION SYSTEM
Stages, n
1 2 3
Refrigeration Duty, kw 293 293 293
Refrigeration T,
o
c -40 -40 -40
Refrigerant Condensing T,
o
c 38 38 38
Compression
Requriments,kw
218 176 167
Reduction in BP,% Base 19.2 23.3
Condenser Duty,kw 511 469 462
Change in condenser duty,% Base -8.2 -9.6
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10.5 Refrigerant System  Troubleshooting
Table 3 contains a check list for troubleshooting refrigeration systems. This is
not an exhaustive list but rather a handy guide to prompt inspection of the
system depending on the operating problems experienced.
TABLE 3 : REFRIGERATION SYSTEM CHECKLIST
Indication Causes
High compressor Discharge
Check accumulator temperature.
If the accumulator temperature is High
Check :
1. Condenser operation for fouling.
2. High air or water temperature
3. Low fan speed or pitch.
4. Low water circulation.
If Condensing temperature is normal
Check :
1. Non-condensables in refrigerant.
2. Refrigeration in system which is creating
pressure drop.
High Process Temperature
Check refrigerant temperature from chiller.
If refrigerant temperature is high and normal
Check:
1. Chiller pressure
2. Refrigerant composition for heavy ends
contamination.
3. Refrigerant circulation or kettle level
4. Process overload of refrigerant system.
If refrigerant temperature is normal and approach to
process temperature is high
Check :
1. Fouling on refrigerant side
2. Fouling on process side
3. Process overload of chiller capacity
Inadequate Compressor Capacity
Check :
1. Process overload of refrigerant system.
2. Premature opening of hot gas bypass.
3. Compressor suction pressure restriction.
4. Compressor valve failure
5. Low compressor speed
Inadequate Refrigerant flow to Economizer or
Chiller
Check:
1. Low accumulator level.
2. Expansion valve capacity.
3. Chiller or Economizer level control malfunction.
4. Restriction in refrigerant flow (hydrates or ice )
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