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OTTO CYCLE -

THE IDEAL CYCLE FOR SPARK-IGNITION ENGINES



OTTO CYCLE

L Thermal efficiency of Otto cycle is given by:

Nehotto =1- 57

Where r is compression ratio.

O Thermal efficiency of an ideal Otto cycle depends on the compression ratio
(r) of the engine and the specific heat ratio (y) of the working fluid.

O The thermal efficiency of the ideal Otto cycle increases with both the
compression ratio and the specific heat ratio. This is also true for actual

spark-ignition internal combustion engines.



EFFECT OF COMPRESSION RATIO

. . . A
d  Thermal efficiency curve is rather steep
0.7+
at low compression ratios but flattens 0.6
: . . 0.5 k- Typical
out starting with a compression ™ .~ compression
- g 0.4F ~— ratios for
ratio value of about 8. = sl gasoline

engines

L The increase in thermal efficiency with 02}

. L 0.1}
the compression ratio is not as

| | | 1 l [
E il

2 4 6 8§ 10 12 14
Compression ratio, r

pronounced at high compression ratios.

Thermal efficiency of the ideal Otto
cycle as a function of compression
ratio (y=1.4, air at room
temperature)



EFFECT OF COMPRESSION RATIO

At high compression ratio, temperature of air-fuel mixture rises above the
autoignition temperature of the fuel (the temperature at which the fuel
ignites without the help of a spark), causing an early and rapid burn of the
fuel at some point or points ahead of the flame front, followed by almost
instantaneous inflammation of the end gas. This premature ignition of the
fuel, called autoignition, produces an audible noise, which is called engine
knock.

O Autoignition in spark-ignition engines cannot be tolerated because it hurts
performance and can cause engine damage.

O  The requirement that autoignition not be allowed places an upper limit on
the compression ratios that can be used in spark-ignition internal

combustion engines.



EFFECT OF SPECIFIC HEAT RATIO (y)
s 4

O For a given compression ratio, an ideal Otto cycle using a monatomic gas
(such as argon or helium, y = 1.667) as the working fluid will have the

highest thermal efficiency.

O The specific heat ratio y, and 08 L
thus the thermal efficiency of
the ideal Otto cycle, decreases §_ r
as the molecules of the working < 04
fluid get larger. 02 L

1 i 1 " 1 N 1 " 1 N | »

2 4 6 8 10 12
Compression ratio, r




EFFECT OF SPECIFIC HEAT RATIO (y)

O The working fluid in actual engines contains larger molecules such as
carbon dioxide, and the specific heat ratio decreases with temperature,
which is one of the reasons that the actual cycles have lower thermal
efficiencies than the ideal Otto cycle.

1 The thermal efficiencies of actual spark-ignition engines range from about

25 to 30 percent.



DIESEL CYCLE -

THE IDEAL CYCLE FOR COMPRESSION-IGNITION ENGINES



DIESEL CYCLE

L Ideal cycle for Cl reciprocating engines.

O First proposed by Rudolph Diesel in the 1890s, is very similar to

the Sl engine differing mainly in the method of initiating combustion.

O In diesel engines, the spark plug
is replaced by a fuel injector, and
only air is compressed during the
compression process.

Fuel
injector

Air—fuel
mixture

Fuel spray
R N

Gasoline engine Diesel engine



DIESEL CYCLE

O In Sl engines, the air-fuel mixture is compressed to a temperature that is
below the autoignition temperature of the fuel, and the combustion
process is initiated by firing a spark plug.

Fuel

injector

Spark g

plug Spark

Fuel spray

Gasoline engine Diesel engine

 In ClI engines, the air is compressed to a temperature that is above the

autoignition temperature of the fuel, and combustion starts on contact as
the fuel is injected into this hot air. Therefore, the spark plug is replaced by a

fuel injector in diesel engines.



DIESEL CYCLE

O In gasoline engines, a mixture of air and fuel is compressed during the
compression stroke, and the compression ratios are limited by the onset of
autoignition or engine knock.

O In diesel engines, only air is compressed during the compression stroke,
eliminating the possibility of autoignition. Therefore, diesel engines can be
designed to operate at much higher compression ratios, typically between

12 and 24.



P-V DIAGRAM FOR DIESEL CYCLE
s 4

Diesel cycle, which is made up of four reversible processes:

v' 1-2 Isentropic compression PA
v’ 2-3 Constant-pressure heat addition Gin
v' 3-4 Isentropic expansion

v' 4-1 Constant-volume heat rejection




T-S DIAGRAM FOR DIESEL CYCLE
e 4

Diesel cycle, which is made up of four reversible processes:

v' 1-2 Isentropic compression
v 2-3 Constant-pressure heat addition
v' 3-4 Isentropic expansion

v' 4-1 Constant-volume heat rejection

«wY

(b) T-s diagram



THERMAL EFFICIENCY OF DIESEL CYCLE




THERMAL EFFICIENCY OF DIESEL CYCLE
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THERMAL EFFICIENCY OF DIESEL CYCLE
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THERMAL EFFICIENCY OF DIESEL CYCLE




COMPARISON BETWEEN OTTO CYCLE AND DIESEL CYCLE

= 1 0.7

Nthotto =1- 55 |
0.6

.1 [1 re-1 fzj
Nth,Diesel = 1|y r.—1 z

Efficiency of a Diesel cycle differs from the efficiency
of an Otto cycle by the quantity in the brackets. This
guantity is always greater than 1.

When both cycles operate on the same compression ratio

nth,Otto > nth,Diesel

2

Ouo)
re=14

Typical
compression
ratios for diesel
engines

T TR N TR SN TR N N B B
4 6 81012141618 202224

Compression ratio, r




COMPARISON BETWEEN OTTO CYCLE AND DIESEL CYCLE
]

. =1 Lﬂmﬁl
L As the cut-off ratio decreases, the 0.7F e
0.6
efficiency of the Diesel cycle increases. 0
O For the limiting case of (r.=1), the 2 04F _
= Typical
o : 0.3 compression
quantity in the brackets becomes unity 0o ratios for diesel
' engines
and the efficiencies of the Otto and 0.1
[| ] | ] ] | | | 1 | ]
Diesel cycles become identical. 246 381012141618202224

Compression ratio, r



COMPARISON BETWEEN OTTO CYCLE AND DIESEL CYCLE

d Remember, though, that diesel engines operate at much higher
compression ratios and thus are usually more efficient than the spark-
ignition engines.

[ Thermal efficiencies of large diesel engines range from about 35 to 40 %.



BRAYTON CYCLE
(THE IDEAL CYCLE FOR GAS-TURBINE ENGINES)



OPEN-CYCLE GAS-TURBINE ENGINE

O First proposed by George Brayton. Combustion
Fuel

1 Currently used for Gas turbines.

Work

1 Gas turbine: out

v’ Internal combustion engine.

Exhaust
gasses

1
v" Uses liquid fuel or gas. _
Fresh Air

1 Gas turbines operate on an open cycle.



OPEN-CYCLE GAS-TURBINE ENGINE

1-2 : Fresh air is compressed to high

temperature and pressure. Fuel Combustion

2-3: High-pressure air proceeds into
the combustion chamber, where
the fuel is burned at constant
pressure.

Work
out

3-4: Combustion products enter the 1 "
turbine for producing power. Fresh Air Exhaust
gasses

The exhaust gases leaving the turbine are
thrown out



BRAYTON CYCLE

v' The open gas-turbine cycle can be
modeled as a closed cycle, by Gin
utilizing the air-standard
assumptions.

v' Compression & expansion processes
remain the same.

v' combustion process is replaced by a
constant-pressure heat-addition
process from an external source.

v' exhaust process is replaced by a
constant-pressure heat-rejection
process to the ambient air



P-V DIAGRAM FOR BRAYTON CYCLE
s 4

Brayton cycle is made

of four reversible processes:

v 1-2 Isentropic compression
v 2-3 Constant-pressure heat addition
v’ 3-4 |sentropic expansion

v’ 4-1 Constant-pressure heat rejection

<Y

(b) P-v diagram



T-S DIAGRAM FOR BRAYTON CYCLE

Brayton cycle is made up

of four reversible processes:

v 1-2 Isentropic compression

v 2-3 Constant-pressure heat addition

v’ 3-4 |sentropic expansion

v’ 4-1 Constant-pressure heat rejection

“ Y



THERMAL EFFICIENCY OF BRAYTON CYCLE
0 Qo = Cp(Ty —Ty) and g, = Cp(T, — T)

w T,—T T (T,/T,—1
Dnth= net — _qout=1_4 1=1_ 1(4/1 )

din Ain r,-T, T,(T,/T,~1)

a Processes 1-2 and 3-4 are isentropic, and P, = P; and P, = P,.

-1/ -1/
- -

4

O
~ |
[ N

1 .
QO Ny, =1 - DY where rp,=pressure ratio = P, /P,




EFFECT OF PRESSURE RATIO
s 4

v" The highest temperature in the cycle A
0.7 -
occurs at the end of the combustion
0.6
process (state 3), and it is limited by _ 05}
=4

, 204t
the maximum temperature that the & Typical pressure
0.3 ratios for gas-
turbine blades can withstand. 0a L turbine engines

| | | L
5 10 15 20 25

Pressure ratio, rp

v' This also limits the pressure ratios

that can be used in cycle.



EFFECT OF PRESSURE RATIO

v For a fixed turbine inlet temperature T,
the net work output per cycle increases A

with the pressure ratio, reaches a

Max ____7é____ 3 —_—— =

: 1000 K
maximum, and then starts to decrease. /
/ .

v There should be a compromise

19
""-n-.-:-l.nm:r:

between the pressure ratio (thus the :

thermal efficiency) and the

net work output.

_',,.-"
ijn - _/
1

v" In most common designs, the pressure S0UK

ratio of gas turbines ranges from about

11-16.
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JOULE-THOMSON EXPANSION

Lecture No. 32/33



JOULE-THOMSON EXPANSION



Throttling valves
N

O Throttling valves are any kind of flow-restricting devices that cause a
significant pressure drop in the fluid.

d Some familiar examples are :

(a) An adjustable valve

e
(X) 0‘ ¢

\!
\)

9
NN

(b) A porous plug

——————
(c) A capillary tube




Joule Thomson effect

O Unlike turbines, they produce a pressure drop without involving any work.

O The pressure drop in the fluid is often accompanied by a large drop in
temperature, and for that reason throttling devices are commonly used in
refrigeration and air-conditioning applications.

O The magnitude of the temperature drop (or, sometimes, the temperature
rise) during a throttling process is governed by a property called the Joule

Thomson coefficient.



Joule Thomson effect

O Throttling valves are usually small devices, and the flow through them may
be assumed to be adiabatic (g = 0) since there is neither sufficient time nor
large enough area for any effective heat transfer to take place.

O Also, there is no work done (w = 0), and the change in potential energy, if
any, is very small.

1 Even though the exit velocity is often considerably higher than the inlet
velocity, in many cases, the increase in kinetic energy is insignificant.

1 Then the conservation of energy equation for this single-stream steady-flow

device reduces to (See Equation 12 of Lecture 9):

hi = hout



Isenthalpic Process
6

hinzhout

That is, enthalpy values at the inlet and exit of a throttling valve are the same.

For this reason, a throttling valve is sometimes called an isenthalpic device.

Throttling
valve

The temperature of an ideal gas does not change during a throttling (h = constant)
process since h = h(T)



Joule-Thomson coefficient
e
d Temperature of the fluid may remain unchanged, or it may even increase or

decrease during a throttling process.

O The temperature behavior of a fluid during a throttling (h = constant)

process is described by the Joule-Thomson coefficient, defined as:

(aT)
H=\35
aPh



Joule-Thomson coefficient
I

O Thus the Joule-Thomson coefficient is a measure of the change in

temperature with pressure during a constant-enthalpy process.

Q If
< 0 Temperature increases

= 0 Temperature remains constant

> 0 Temperature decreases




Development of an h = constant line on a P-T diagram.
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Development of an h = constant line on a P-T diagram.

O A careful look at its defining equation reveals that the Joule-Thomson
coefficient represents the slope of h = constant lines on a T-P diagram.

 Such diagrams can be easily constructed from temperature and pressure
measurements alone during throttling processes.

O A fluid at a fixed temperature and pressure T, and P, (thus fixed enthalpy) is
forced to flow through a porous plug, and its temperature and pressure
downstream (T, and P,) are measured.

1 The experiment is repeated for different sizes of porous plugs, each giving a
different set of T, and P,. Plotting the temperatures against the pressures

gives us an h = constant line on a T-P diagram.



 Repeating the experiment for different sets of inlet pressure and
temperature and plotting the results, we can construct a T-P diagram for a
substance with several h = constant lines.

T A

Maximum inversion
temperature

Constant-enthalpy lines of a
substance
on a T-P diagram

oY



d Some constant-enthalpy lines on the T-P diagram pass through a point of
zero slope.

[ The line that passes through these points is called the inversion line, and the
temperature at a point where a constant-enthalpy line intersects the
inversion line is called the inversion temperature.

O The temperature at the intersection of the P = 0 line (ordinate) and the
upper part of the inversion line is called the maximum inversion
temperature.

d The slopes of the h = constant lines are negative (u,; < 0) at states to the
right of the inversion line and positive (u;; > 0) to the left of the inversion

line.



1 A throttling process proceeds along a constant-enthalpy line in the direction
of decreasing pressure, that is, from right to left.

O Therefore, the temperature of a fluid increases during a throttling process
that takes place on the right-hand side of the inversion line.

 However, the fluid temperature decreases during a throttling process that
takes place on the left-hand side of the inversion line.

O It is clear from this diagram that a cooling effect cannot be achieved by
throttling unless the fluid is below its maximum inversion temperature.

O This presents a problem for substances whose maximum inversion

temperature is well below room temperature.



O The decrease in temperature as the pressure drops corresponds to a

Q

a

decrease in molecular kinetic energy, the molecular potential energy must
be increasing or else energy conservation would be violated. We can say the
molecules are more stable when they are closer together at the higher
pressure and, consequently, that attractive forces are dominant in this
region. The temperature will increase as pressure decreases, indicating that
repulsive forces dominate the behavior in this region.

These two regions are separated by the inversion line, where the slope of T
vs. P is zero and where attractive and repulsive interactions exactly balance.

For a given pressure, the temperature at which these interactions balance is

known as the Boyle temperature.



Liquefaction
sy
1 Joule-Thomson expansion can be used to liquefy gases if it is performed in

the region where p;; > 0 to the left of the inversion line.

 Liquefaction is an important process industrially (e.g. liquid nitrogen and

helium).



(a) Basic liquefaction process using Joule-Thomson expansion

(b) Linde process
16
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Liquefaction

O The gas is first compressed from state 1 to 2 to increase its pressure.
However, during compression, the temperature of the gas also rises. It is
then cooled from state 2 to state 3 to lower its temperature.

1 These two processes are intended to bring it to the left region of inversion
curve and to put it in a state where a throttling process will bring it into the
two phase region.

O It now goes through an isenthalpic Joule-Thomson expansion, from state 3
to state 4, where the temperature drops low enough to lead to
condensation.

O The vapor and liquid streams at states 5 and 6, respectively, are then

separated.



Liquefaction
e dq
O An improvement to the liquefaction process is shown in Figure b. In this
process, an additional heat exchanger is employed to recover the energy

from the non-condensed gas. This gas is then recycled. The process depicted

in Figure b is known as the Linde process.



General Expression for Joule-Thomson Coefficient
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REFRIGERATION CYCLES



INTRODUCTION

O Major application area of thermodynamics: Transfer of heat from a lower
temperature region to a higher temperature one.

1 Devices that produce refrigeration are called refrigerators and the cycles on
which they operate are called refrigeration cycles.

O Most frequently used refrigeration cycle: Vapor-compression refrigeration
cycle in which the refrigerant is vaporized and condensed alternately and is
compressed in the vapor phase.

O Another well-known refrigeration cycle is absorption refrigeration, where

the refrigerant is dissolved in a liquid before it is compressed.



The  objective of a
refrigerator is to remove

heat (Q) from the cold
medium.

(a) Refrigerator

(desired
output)

(h) Heat pump

The objective of a
heat pump is to
supply heat (Q4) to
a warm medium.



REFRIGERATORS

d

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.



HEAT PUMP

d

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.

Objective of a refrigerator: 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.

Objective of a heat pump: To maintain a heated space at a high
temperature. This is accomplished by absorbing heat from a low-

temperature source & supplying this heat to a warmer medium.



COEFFICIENT OF PERFORMANCE (COP)

O The performance of refrigerators and heat pumps is expressed in terms of

the coefficient of performance (COP).

Desired output _ Cooling effect _ Qy,

COP,, =

Required input ~ Work input  Wpetin

Desired output _ Heating effect Qg

COPyp = =
HP Required input Work input Whetin

COP,,, = COP, +1



COOLING CAPACITY

O 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.

U The capacity of a refrigeration system that can freeze 1 ton of liquid water
at0°Cintoiceat 0 °Cin 24 his said to be 1 ton.

1 One ton of refrigeration is equivalent to 211 kJ/min or 200 Btu/min.



THE REVERSED CARNOT CYCLE

d

Carnot cycle is a totally reversible cycle that consists of two reversible
isothermal and two isentropic 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 counter-clockwise
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.



T-s diagram of Reversed Carnot Cycle

“y



Schematic of a Carnot Refrigerator

Ty
Turbine Condenser

Compressor

findnsS



Reversed Carnot Cycle

Consider a reversed Carnot cycle executed within the saturation dome of a
refrigerant. The refrigerant absorbs heat isothermally from a low-temperature
source at T, in the amount of Q, (process 1-2), is compressed isentropically to
state 3 (temperature rises to T,), rejects heat isothermally to a high-
temperature sink at T, in the amount of Q (process 3-4), and expands
isentropically to state 1 (temperature drops to T,). The refrigerant changes
from a saturated vapor state to a saturated liquid state in the condenser

during process 3-4.



COEFFICIENT OF PERFORMANCE (COP)

O The coefficients of performance of Carnot refrigerators and heat pumps are

expressed in terms of temperatures as

1
COPR’ Carnot — TH
T_L —
1
COPHP’Carnot T Ty
Th

** Notice that both COPs increase as the difference between the two
temperatures decreases, that is, as T, rises or T,, falls.



Reversed Carnot Cycle

** The reversed Carnot cycle is the most efficient refrigeration cycle operating
between two specified temperature levels.

» Therefore, it is natural to look at it first as a prospective ideal cycle for
refrigerators and heat pumps.

» |f we could, we certainly would adapt it as the ideal cycle.

» As explained below, however, the reversed Carnot cycle is not a suitable

model for refrigeration cycles.



Reversed Carnot Cycle

s 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.

L)

L)

* 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-moisture-content
refrigerant in a turbine.

% Therefore, 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.

L)



VAPOR-COMPRESSION REFRIGERATION CYCLE

s 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.

** The vapor-compression refrigeration cycle is the most widely used cycle for

refrigerators, air-conditioning systems, and heat pumps.



VAPOR-COMPRESSION REFRIGERATION CYCLE

Saturated
liquid

Saturated vapor

wY




VAPOR-COMPRESSION REFRIGERATION CYCLE

** It consists of four processes:
» 1-2 Isentropic compression in a compressot.
» 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.



VAPOR-COMPRESSION REFRIGERATION CYCLE

s In 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.

L)

* The refrigerant then enters the condenser as superheated vapor at state 2

L)

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.



VAPOR-COMPRESSION REFRIGERATION CYCLE

s 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.

s 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 re-enters the compressor, completing the cycle.



VAPOR-COMPRESSION REFRIGERATION CYCLE

Kitchen air
25°C
Freezer Evaporator Capillary
coils tube
compartment y u
= /
\“/é}:: , — g
[
| )
[+] L
I -18°C | ¢ o,
R ,
1 3
: ,l } |Condenser
| i | coils
o |
U 4
| 4
|
' | ﬁ
- I Compressor

An ordinary household refrigerator



VAPOR-COMPRESSION REFRIGERATION CYCLE

s 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.

** The area under the process curve 2-3 represents the heat rejected in the
condenser.

s A rule of thumb is that the COP improves by 2 to 4 % for each °C the
evaporating temperature is raised or the condensing temperature is

lowered.



_— VAPOR-COMPRESSION REFRIGERATION CYCLE
[

s 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.

F A

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



VAPOR-COMPRESSION REFRIGERATION CYCLE

» The ideal vapor compression refrigeration cycle is not an internally
reversible cycle since it involves an irreversible (throttling) process.

» If the throttling device were replaced by an isentropic turbine, the
refrigerant would enter the evaporator at state 4’ instead of state 4.

** To have heat transfer at a reasonable rate, a temperature difference of 5-

10 °C should be maintained between the refrigerant and the medium with

which it is exchanging heat.

L)

L)

* The lowest pressure in a refrigeration cycle occurs in the evaporator, and
this pressure should be above atmospheric pressure to prevent any air
leakage into the refrigeration system. Therefore, a refrigerant should have

a saturation pressure of 1 atm or higher at -20 °C.
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