HEAT ENGINE, REVERSED CARNOT CYCLE, REFRIGERATOR, HEAT PUMP AND
IDEAL VAPOR COMPRESSION REFRIGERATION CYCLE

The work-producing device that best fits into the definition of a heat engine is the steam

power plant.
Energy source
(such as a furnace)
‘Qm System boundary
/
Boiler
_ W
Wi, ' A Yo

| Pump | [ Turbine #
N’

Condenser -

QEJUL
Energy sink

(such as the atmosphere)

The various quantities shown on this figure are as follows:

Qin: amount of heat supplied to steam in boiler from a high-temperature source (furnace)
Qout: amount of heat rejected from steam in condenser to a low temperature sink (the
atmosphere, a river, etc.)

Wout: amount of work delivered by steam as it expands in turbine

Win: amount of work required to compress water to boiler pressure



REFRIGERATOR

We all know from experience that heat is transferred in the direction of decreasing
temperature, that is, from high-temperature medium 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 medium to a high-temperature one requires special devices called
refrigerators.

Refrigerators, like heat engines, are cyclic devices. The working fluid used in the
refrigeration cycle is called a refrigerant.

The most frequently used refrigeration cycle is the vapor-compression refrigeration cycle,
which involves four main components: a compressor, a condenser, an expansion valve, and

an evaporator, as shown in Fig.
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The refrigerant enters the compressor as a vapor and is compressed to the condenser
pressure. It leaves the compressor at a relatively high temperature and cools down and
condenses as it flows through the coils of the condenser by rejecting heat to the
surrounding medium. It then enters a capillary tube where its pressure and temperature

drop drastically due to the throttling effect.



The low-temperature refrigerant then enters the evaporator, where it evaporates by
absorbing heat from the refrigerated space. The cycle is completed as the refrigerant leaves
the evaporator and reenters the compressor. In a household refrigerator, the freezer
compartment where heat is absorbed by the refrigerant serves as the evaporator, and the
coils usually behind the refrigerator where heat is dissipated to the kitchen air serve as the
condenser. A refrigerator is shown schematically in Figure. Here QL is the magnitude of the
heat removed from the refrigerated space at temperature TL, QH is the magnitude of the
heat rejected to the warm environment at temperature TH, and Whnet,in is the net work
input to the refrigerator. As discussed before, QL and QH represent magnitudes and thus

are positive quantities.
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The objective of a refrigerator is to

remove (0, from the cooled space.
The efficiency of a refrigerator is expressed in terms of the coefficient of performance
(COP), denoted by COPg. The objective of a refrigerator is to remove heat (Q;) from the
refrigerated space. To accomplish this objective, it requires a work input of Whnet,in. Then

the COP of a refrigerator can be expressed as

COP. — Desired output _ QL QL
R ™ Required input ~ Wnet,in_ Qn—-0Qy



Notice that the value of COPy can be greater than unity. That is, the amount of heat
removed from the refrigerated space can be greater than the amount of work input.
This is in contrast to the thermal efficiency of heat engines and Carnot cycle, which can

never be greater than 1.

Heat Pumps
Another device that transfers heat from a low-temperature medium to a high-temperature

one is the heat pump, shown schematically in Figure.
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Refrigerators and heat pumps operate on the same cycle but differ in their objectives. 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 the high-temperature
medium such as a house.

An ordinary refrigerator that is placed in the window of a house with its door open to the

cold outside air in winter will function as a heat pump since it will try to cool the outside by



absorbing heat from it and rejecting this heat into the house through the coils behind it. The
measure of performance of a heat pump is also expressed in terms of the coefficient of

performance COPHP, defined as

Desired output _ Qun Qn

COPyp = = =
HP Required input Waetin Qu—0QL

COPHP = COPR +1

AIR CONDITIONER

Air conditioners are basically refrigerators whose refrigerated space is a room or a building
instead of the food compartment. A window airconditioning unit cools a room by absorbing
heat from the room air and discharging it to the outside in summer. The same air-
conditioning unit can be used as a heat pump in winter by installing it backwards. Air-
conditioning systems that are equipped with proper controls and a reversing valve operate

as air conditioners in summer and as heat pumps in winter.

Example

The food compartment of a refrigerator, shown in Fig. 6-24, is maintained at
4°C by removing heat from it at a rate of 360 kJ/min. If the required power
input to the refrigerator is 2 kW, determine (a) the coefficient of perfor-
mance of the refrigerator and (b) the rate of heat rejection to the room that
houses the refrigerator.

Solution The power consumption of a refrigerator is given. The COP and
the rate of heat rejection are to be determined.

Assumptions Steady operating conditions exist.

Analysis (a) The coefficient of performance of the refrigerator is

QL B 360 kJ/min ( 1 KW ) .

COP, =
. 2 kW 60 kJ/min

net,in

That is, 3 kJ of heat is removed from the refrigerated space for each kJ of
work supplied.

(b) The rate at which heat is rejected to the room that houses the refrigerator
is determined from the conservation of energy relation for cyclic devices,

60 kJ/min

)y =0 + Wi = 36 in + (2
Oy = 0 + Woetin 60 kJ/min + ( kW)( —

) = 480 kJ/min



THE REVERSED CARNOT CYCLE

Carnot cycle is a totally reversible cycle that consists of two reversible isothermal and two
isentropic (reversible adiabatic) processes. It has the maximum thermal efficiency for given
temperature limits, and it serves as a standard against which actual power cycles can be
compared.

Since it is a reversible cycle, all four processes that comprise the Carnot cycle can be
reversed. Reversing the cycle does also reverse the directions of any heat and work
interactions. The result is a cycle that operates in the counterclockwise direction on a T-s
diagram, which is called the reversed Carnot cycle.

A refrigerator or heat pump that operates on the reversed Carnot cycle is called a Carnot
refrigerator or a Carnot heat pump.

Consider a reversed Carnot cycle executed within the saturation dome of a refrigerant, as
shown in Figure. The refrigerant absorbs heat isothermally from a low-temperature source
at TL in the amount of QL (process 1-2), is compressed isentropically to state 3 (temperature
rises to TH), rejects heat isothermally to a high-temperature sink at TH in the amount of QH
(process 3-4), and 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.
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Schenmtic|of a Carnot refrigerator and 7-s diagram of the reversed Carnot cycle.



A refrigerator or a heat pump that operates on the reversed Carnot cycle is called a Carnot
refrigerator, or a Carnot heat pump. The coefficient of performance of any refrigerator or

heat pump, reversible or irreversible, is given by

Q Q
COPg = QH—LQL COPyp = QHfIQL

where QL is the amount of heat absorbed from the low-temperature medium and QH is the
amount of heat rejected to the high-temperature medium. The COPs of all reversible
refrigerators or heat pumps can be determined by replacing the heat transfer ratios in the
above relations by the ratios of the absolute temperatures of the high- and low-
temperature reservoirs. Then the COP relations for reversible refrigerators and heat pumps

become

TL _ Ty
T —T, COPHP,rev T Tu—T
H—IL H—IL

COPR,rev =

These are the highest coefficients of performance that a refrigerator or a heat pump operating
between the temperature limits of TL and TH can have. All actual refrigerators or heat pumps
operating between these temperature limits (TL and TH) have lower coefficients of
performance.

The reversed Carnot cycle is the most efficient refrigeration cycle operating between two

specified temperature levels.

OPTIMIZATION OF REVERSED CARNOT CYCLE

The reversed Carnot cycle is not a suitable model for refrigeration cycles. The two
isothermal heat transfer processes are not difficult to achieve in practice since maintaining a
constant pressure automatically fixes the temperature of a two-phase mixture at the
saturation value.

Therefore, processes 1-2 and 3-4 can be approached closely in actual evaporators and
condensers. However, processes 2-3 and 4-1 cannot be approximated closely in practice.
This is because process 2-3 involves the compression of a liquid—vapor mixture, which
requires a compressor that will handle two phases, and process 4-1 involves the expansion

of high-liquid-content refrigerant in a turbine.



It seems as if these problems could be eliminated by executing the reversed Carnot cycle
outside the saturation region. But in this case we have difficulty in maintaining isothermal
conditions during the heat-absorption and heat-rejection processes. Therefore, we conclude
that the reversed Carnot cycle cannot be approximated in actual devices and is not a
realistic model for refrigeration cycles. However, the reversed Carnot cycle can serve as a

standard against which actual refrigeration cycles are compared.

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, and it is shown schematically and on

a T-s diagram.
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Schematic and 7-s diagram for the ideal vapor-compression refrigeration cycle.

The vapor-compression refrigeration cycle is the most widely used cycle for refrigerators,
air-conditioning systems, and heat pumps. 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

In an ideal vapor-compression refrigeration cycle, the refrigerant enters the compressor at
state 1 as saturated vapor and is compressed isentropically to the condenser pressure. The
temperature of the refrigerant increases during this isentropic compression process to well
above the temperature of the surrounding medium. The refrigerant then enters the
condenser as superheated vapor at state 2 and leaves as saturated liquid at state 3 as a
result of heat rejection to the surroundings. The temperature of the refrigerant at this state
is still above the temperature of the surroundings.

The saturated liquid refrigerant at state 3 is throttled to the evaporator pressure by passing
it through an expansion valve or capillary tube. The temperature of the refrigerant drops
below the temperature of the refrigerated space during this process. The refrigerant enters
the evaporator at state 4 as a low-quality saturated mixture, and it completely evaporates
by absorbing heat from the refrigerated space. The refrigerant leaves the evaporator as
saturated vapor and reenters the compressor, completing the cycle.

In a household refrigerator, the tubes in the freezer compartment where heat is absorbed
by the refrigerant serves as the evaporator. The coils behind the refrigerator, where heat is

rejected to the kitchen air, serve as the condenser.
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Remember that the area under the process curve on a T-s diagram represents the heat
transfer for internally reversible processes. The area under the process curve 4-1 represents
the heat absorbed by the refrigerant in the evaporator, and the area under the process
curve 2-3 represents the heat rejected in the condenser. A rule of thumb is that the COP
improves by 2 to 4 percent for each °C the evaporating temperature is raised or the

condensing temperature is lowered.

P-h DIAGRAM

Another diagram frequently used in the analysis of vapor-compression refrigeration cycles is
the P-h diagram. On this diagram, three of the four processes appear as straight lines, and
the heat transfer in the condenser and the evaporator is proportional to the lengths of the

corresponding process curves.

The P-h diagram of an ideal
vapor-compression refrigeration cycle.

Notice that unlike the ideal cycles discussed before, the ideal vapor compression
refrigeration cycle is not an internally reversible cycle since it involves an irreversible
(throttling) process. This process is maintained in the cycle to make it a more realistic model
for the actual vapor-compression refrigeration cycle. If the throttling device were replaced
by an isentropic turbine, the refrigerant would enter the evaporator at state 4’ instead of

state 4. As a result, the refrigeration capacity would increase (by the area under process



curve 4’-4 and the net work input would decrease (by the amount of work output of the
turbine). Replacing the expansion valve by a turbine is not practical, however, since the
added benefits cannot justify the added cost and complexity. 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.

The kinetic and potential energy changes of the refrigerant are usually small relative to the
work and heat transfer terms, and therefore they can be neglected. Then the steady flow

energy equations can be written for each unit:

Around isentropic compressor: 1-2

Q-W=h,-h; Q=0 h1=hg1 wnet,in = hgl —-h;

Around condenser: 2-3 (constant pressure heat rejection)

Q-W=h3-h; W=0 hsz=hg Qu=hs—h;

Around expansion valve (capillary tube or throttling valve): 3-4

Q=0 W=0 h3 = hf3 = h4 53 * S4

Around evaporator

Q-W=h;-h, W=0 hsz=hg=h, hi=hg Q.=hg—hy

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

qr hy — h

COPy = =
COPy y —

and

- Gy hy, — h,
L*(_}p;“: = —
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What,in My h,

where hy = h, @ p, and h; = h;@ p, for the ideal case.



