Thermodynamics: An Engineering Approach, 5™ Edition
Yunus A. Cengel, Michael A. Boles
McGraw-Hill, 2008

GAS-VAPOR MIXTURES
AND AIR-CONDITIONING

Prof. Dr. Ali PINARBASI

Yildiz Technical University
Mechanical Engineering Department
Yildiz, ISTANBUL

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.



GAS-VAPOR MIXTURES AND AIR-CONDITIONING

14-1 Dry and Atmospheric Air
14-2 Specific and Relative Humidity of Air
14-3 Dew-Point Temperature
14-4 Adiabatic Saturation and Wet-Bulb Temperatures
14-5 The Psychrometric Chart
14-6 Human Comfort and Air-Conditioning
14-7 Air-Conditioning Processes
Simple Heating and Cooling (w =constant)
Heating with Humidification
Cooling with Dehumidification
Evaporative Cooling
Adiabatic Mixing of Airstreams
Wet Cooling Towers

Prof. Dr. Ali PINARBASI Chapter 14 GAS-VAPOR MIXTURES AND AIR-CONDITIONING




Objectives

Explain the meaning of the terms dry air and atmospheric air.
Define and calculate the specific and relative humidity of atmospheric air.
Calculate the dew-point temperature of atmospheric air.

Relate the adiabatic saturation temperature and wet-bulb temperatures of
atmospheric air.

Use the psychrometric chart as a tool o determine the properties of
atmospheric air.

Relate the desire for human comfort to air-conditioning requirements.

Solve problems associated with the conservation of mass and energy for
various air-conditioning processes.
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DRY AND ATMOSPHERIC AIR

Atmospheric air : Air is a mixture of nitrogen, oxygen, and small amounts of some other
gases.

We will be concerned with the mixture of dry air and water vapor. This mixture is often
called atmospheric air.

Dry air: air that contains no water vapor is called dry air.

hay e = ¢,T = (1.005 kI/kg-°C)T  (kJ/kg)

_\"”-.I.'} air L.,“—“T = 'LI{}HE' IET']RL‘ ; [:] AT H\Ih;_r ]

where T is the air temperature in °C and T is the change in temperature.

In air-conditioning processes we are concerned with the changes in enthalpy Ah, which is
independent of the reference point selected.

water vapor in air behaves as if it existed alone and obeys the ideal-gas relation Pv = RT. Then
the atmospheric air can be treated as an ideal-gas mixture whose pressure is the sum of the
partial pressure of dry air* P, and that of water vapor P,

P=P,+P,  (kPa)
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DRY AIR
T,°C ¢, kl/kg - °C

P=P, + P, (kPa)

P, the sum of the partial pressure of dry air -10 1.0038
P, water vapor 0 10041

10 1.0045
The partial pressure of water vapor is usually referred to as 38 :gg;’i
the vapor pressure. :10 [:0059
It is the pressure water vapor would exert if it existed alone 50 [ 0065

at the temperature and volume of atmospheric air.

The Cp of air can be assumed to
be constant at 1.005 kl/kg - °Cin

the temperature range 10 to
50°C with an error under 0.2 %.

It certainly would be very convenient to also treat the water vapor in the air as an ideal gas
and you would probably be willing to sacrifice some accuracy for such convenience. Well, it
turns out that we can have the convenience without much sacrifice. At 50°C, the saturation
pressure of water is 12.3 kPa. At pressures below this value, water vapor can be treated as
an ideal gas with negligible error (under 0.2 %), even when it is a saturated vapor.
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For water:
hg = 2500.9 kd/kg at 0°C
=1.82 kd/kg -°C at —10 to 50°C range

Cp,avg

h(T) = 25009 + 1.82T  (kl/kg)  Tin°C

Since water vapor is an ideal gas, the enthalpy of water vapor is a function of
temperature only, that is, h = h(T ).

Therefore, the enthalpy of water vapor in air can be taken to be equal to the
enthalpy of saturated vapor at the same temperature. That is,

h,(T.low P) = h,(T)
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50—

h = sabit

At temperatures below 50°C, the h = constant
lines coincide with the T=constant lines in the

superheated vapor region of water.

C WATER VAPOR
hg - Kikg Difference.
T,°C Table A-4 Eq. 14-4 kJ/kg
—10 24821 24827 —0.6
0 2500.9 2500.9 0.0
10 2519.2 2519.1 0.1
20 25374 25373 0.1
30 2555.6 2555.5 0.1
40 2573.5 2573.7 -0.2
50 2591.3 2591.9 —0.6

In the temperature range 10 to 50°C, the h of

water can be determined from
with negligible error.
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SPECIFIC AND RELATIVE HUMIDITY OF AIR

Absolute or Specific humidity (humidity ratio): The amount of water vapor in the air can
be specified in various ways. Probably the most logical way is to specify directly the mass
of water vapor present in a unit mass of dry air.

This is called absolute or specific humidity (also called humidity ratio) and is denoted by
V:

m, PV/RT P,/R, P,
= = = 0.622 —
H?ﬂ' PHV/R(JT Pﬁ' /Rt’? P{?

w —

The specific humidity can also be expressed as

m, :
w=— (kg water vapor/kg dry air)

m,

where P is the total pressure:

0.622P,
- P=B
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Saturated air: The air is said to be saturated with moisture.

Relative humidity (¢) : The comfort level depends more on the amount of moisture the
air holds (m,) relative to the maximum amount of moisture the air can hold at the same
temperature (m,). The ratio of these two quantities is called the relative humidity.

m, PV/RT P,
m, PV/RT P,

b =

P, = Pyyar

AIR
25°C, 100 kPa

(Psat, H,0 @ 25°c = 3.1698 kPa)

P, = 0 —dry air
P, <3.1698 kPa — unsaturated air
P, = 3.1698 kPa— saturated air

For staturated air, the vapor pressure is equal to the
saturation pressure of water.
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The amount of moisture in the air has a definite effect on how comfortable we feel in an
environment.

However, the comfort level depends more on the amount of moisture the air holds (m,)
relative to the maximum amount of moisture the air can hold at the same temperature
(m,). The ratio of these two quantities is called the relative humidity ¢

AIR
25°C, 1 atm

m,=1kg
m, = 0.01 kg
m, max = 0.02kg
kg H,O

Specific humidity: w =0.01 m

Relative humidity: ¢=50%

Specific humidity is the actual amount of water vapor in 1 kg of dry air, whereas relative
humidity is the ratio of the actual amount of moisture in the air to the maximum amount
of moisture air can hold at the temperature.
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(".J'P {}Jﬁjj(!}PH
O = and w = '

(0.622 + w)P, P — &P,

&

The relative humidity ranges from 0 for dry air to 1 for saturated air. Note that the amount
of moisture air can hold depends on its temperature. Therefore, the relative humidity of air
changes with temperature even when its specific humidity remains constant.

Atmospheric air is a mixture of dry air and water vapor, and thus the enthalpy of air is
expressed in terms of the enthalpies of the dry air and the water vapor.

In most practical applications, the amount of dry air in the air—-water-vapor mixture remains
constant, but the amount of water vapor changes.

Therefore, the enthalpy of atmospheric air is expressed per unit mass of dry air instead of
per unit mass of the air—water-vapor mixture.

H=H,+H =muh, + mh,

h = h, + wh, (kJ/kg dry air)

= M
= — = —n, = i .. —_ .
m, a m, a V }!31. }!I,




(1 + w) kg of
moist air

moisture
w kg
h

1

h=hg + wh, kl/kg dry air

The enthalpy of moist (atmospheric) air is expressed per unit

mass of dry air, not per unit mass of moist air.
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Example 14-1
A 5-m 5-m 3-m room contains air at 25°C and 100 kPa at a relative
humidity of 75 %. Determine (a) the partial pressure of dry air, (b) the ROOM
specific humidity, (c) the enthalpy per unit mass of the dry air, and (d ) the Smx5mx3m
masses of the dry air and water vapor in the room. T=95°C
P= 100 kPa
(a) the partial pressure of dry air P,=P—P, ¢=75%

P, = P, = ¢pPyy @ r5c = (0.75)(3.1698 kPa) = 2.38 kPa

P, = (100 — 2.38) kPa = 97.62 kPa

(b) the specific humidity

0.622P, (0.622)(2.38 kPa) ~ " .
w = = = 0.0152 kg H,0/kg dry air
P—P, (100 —2.38) kPa : '

(c) the enthalpy per unit mass of the dry air

h = h, + wh, = c,T + wh,
— (1.005 KJ /kg - °C)(25°C) + (0.0152)(2546.5 kJ/ke)
= 63.8 kJ/kg dry air
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The enthalpy of water vapor (2546.5 kJ/kg) could also be determined from the approximation given
(hy(T)= 2500.9+ 1.82T)

he@asc = 25009 + 1.82(25) = 2546.4 kJ/kg

(d ) Both the dry air and the water vapor fill the entire room completely. Therefore, the volume of
each gas is equal to the volume of the room:

Vo = Vi = Vigom = (5)(5)(3) = 75 m’

PV, (97.62 kPa) (75 m?) _

m, = = 3 = 85.61 kg
R, T (0.287 kPa-m’/kg - K) (298 K)
PV, 2.38 kPa)(75 m’

m, = ——- = ( N ) = 1.3 kg

R, T  (0.4615 kPa-m*/kg - K) (298 K)

The mass of the water vapor in the air could also be determined from w = %

m, = wm, = (0.0152)(85.61 kg) = 1.30 kg
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DEW-POINT TEMPERATURE

ew-point temperature Ty,: T, is defined as the tem
ondensation begins when the air is cooled at constant

po = lsaqt@ [ 8

The vapor in the air (state 1) undergoes a
T constant-pressure cooling process until it
strikes the saturated vapor line (state 2).

The temperature at this point is 7, and if
the temperature drops any further, some
vapor condenses out.

As a result, the amount of vapor in the air
decreases, which results in a decrease in P,.
The ai ins saturated during the

ocess and thus follows a

ative humidity (the

e). The ordinary

he dew-point temperature
e identical.

Constant-presssure cooling of moist
air and the dew-point temperature on
the T-s diagram of water.
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MOIST
AIR
Soda
4 __—Liquid water
droplets

When the temperature of a cold drink is below the dew-

point temperature of the surrounding air, it “sweats.”

You have probably noticed that when you buy a cold canned drink from a vendin
machine on a hot and humid day, dew forms on the can.

The formation of dew on the can indicates that the temperature of the drink is
below the dew-point temperature of the surrounding air .
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CuLp
OUTDOORS
10°C

Example 14-2

In cold weather, condensation frequently occurs on the inner surfaces
of the windows due to the lower air temperatures near the window
surface. Consider a house that contains air at 20°C and 75 percent
relative humidity. At what window temperature will the moisture in the
air start condensing on the inner surfaces of the windows?

AIR
20°C, 75%

Typical temperature
distribution

The saturation pressure of water at 20°C is P, = 2.3392 kPa

The temperature distribution in a house, in general, is not uniform. When
the outdoor temperature drops in winter, so does the indoor temperature
near the walls and the windows. Therefore, the air near the walls and the
windows remains at a lower temperature than at the inner parts of a house

even though the total pressure and the vapor pressure remain constant
throughout the house. As a result, the air near the walls and the windows
will undergo a P, constant cooling process until the moisture in the air starts
condensing. This will happen when the air reaches its dew-point
temperature Ty,. The dew point is determined from;

Ty = Twap, P, = ¢P, @ yc = (0.75)(2.3392 kPa) = 1.754 kPa

_ B o
po — dgat @ 1.754 kPa — 15.4 °C

Therefore, the inner surface of the window should be maintained above 15.4°C

if condensation on the window surfaces is to be avoided.
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ADIABATIC SATURATION AND WET-BULB TEMPERATURES

Relative humidity and specific humidity are frequently used in engineering and
atmospheric sciences, and it is desirable to relate them to easily measurable quantities
such as temperature and pressure.

One way of determining the relative humidity is to determine the dew-point temperature
of air, as discussed in the last section. Knowing the dew-point temperature, we can
determine the vapor pressure P, and thus the relative humidity. This approach is simple,
but not quite practical.

Mass balance:
Mg = M, = N, (The mass flow rate of dry air
remains constant)

ay

m,, + me=m,, (The mass flow rate of vapor in the
air increases by an amount equal
to-the rate of evaporation #t;)

Mmw, + Mme= m,w, me = m,(w, — o))




EH(.’!" v bf?l’(f‘ﬂﬂf?f ) — ) I/ — Unsaturated air Saturated air
g' ( Q 0 ve W 0) T, o T, »,
S Py ¢y = 100%
Ein o Eout
mghy + mchey = m,h, D — Q)—

Liquid water

myhy + my(w, — w))he = m,h,

!

T 3 e Liquid water
Dividing by m, gives At T
hl + ({UE _ (Ul)r!?fz — hg
ry Adiabatic
_ | saturation
(ETPTI + wlhgl) + ({Ug - {Ul)f}'ﬁ = (('PTE + ngf?Rg) temperature
(T, — T)) + why,,
() —
hm - ffj-: Dew-point
temperature
0.622P, /
Wy = ————
- P-\. - P,,ﬁ >
2 2; 5
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Another way of determining the absolute or relative humidity
is related to an adiabatic saturation process, shown
schematically and on a T-s diagram in Figure.

The system consists of a long insulated channel that contains a
pool of water. A steady stream of unsaturated air that has a
specific humidity of w; (unknown) and a temperature of T, is
passed through this channel.

As the air flows over the water, some water will evaporate and
mix with the airstream. The moisture content of air will
increase during this process, and its temperature will decrease,
since part of the latent heat of vaporization of the water that
evaporates will come from the air. If the channel is long
enough, the airstream will exit as saturated air (¢= 100
percent) at temperature T,, which is called the adiabatic
saturation temperature.

Unsaturated air Saturated air
T, T;. w,
®O— @—
Liquid water
|
Liquid water

at Ty

Adiabatic
saturation
temperature

The adiabatic saturation process discussed above provides a means of determining the
absolute or relative humidity of air, but it requires a long channel or a spray mechanism to

achieve saturation conditions at the exit.
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A more practical approach is to use a thermometer whose
bulb is covered with a cotton wick saturated with water
and to blow air over the wick, as shown in Figure. The
temperature measured in this manner is called the wet-
bulb temperature T ,, and it is commonly used in air-
conditioning applications.

The basic principle involved is similar to that in adiabatic
saturation. When unsaturated air passes over the wet
wick, some of the water in the wick evaporates. As a
result, the temperature of the water drops, creating a
temperature difference (which is the driving force for heat
transfer) between the air and the. After a while, the heat
loss from the water by evaporation equals the heat gain
from the air, and the water temperature stabilizes.

The thermometer reading at this point is the wet-bulb
temperature.

i
©

Ordinary
. -‘-‘_;_\H—\_

thermometer

Wet-bulb
‘\__\“—\

thermometer

; angement to measure
temperature.

The wet bulb temperature can also be measured by placing the wet-wicked thermometer
in a holder attached to a handle and rotating the holder rapidly that is, by moving the
thermometer instead of the air. that is, by moving the thermometer instead of the air.




Advances in electronics made it possible to measure
humidity directly in a fast and reliable way. It appears
that sling psychrometers and wet-wicked

thermometers are about to become things of the past.

Today, hand-held electronic humidity measurement
devices based on the capacitance change in a thin
polymer film as it absorbs water vapor are capable of
sensing and digitally displaying the relative humidity
within 1 percent accuracy in a matter of seconds.

Wet-bulb
thermometer

L Ho

- H0

L M

i

it
l/

Dry-bulb

\ht i
] _]/thermnmeter

Wet-bulb
thermometer
wick
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Example 14-3
The dry- and the wet-bulb temperatures of atmospheric air at 1 atm (101.325-kPa) pressure are
measured with a sling psychrometer and determined to be 25 and 15°C, respectively. Determine (a)

the specific humidity, (b) the relative humidity, and (c) the enthalpy of the air.

(a) the specific humidity w, B 0.62213’32 B (0*622) (1_705? kPa)

¢,)(Ty = Ty) + why, “27 P,— P, (101.325 — 1.7057) kPa
hy — hy, = 0.01065 kg H,0/kg dry air

W, =

(1.005 kl /kg - °C)[ (15 — 25)°C] + (0.01065)(2465.4 kJ/kg)
(2546.5 — 62.982) kJ/kg

= 0.00653 kg H,O/kg dry air

W, =

(b) the relative humidity @,

w,P, (0.00653)(101.325 kPa)
(0.622 + w,)P,  (0.622 + 0.00653)(3.1698 kPa)

= 0.332 or 33.2%

Qb]:

(c) the enthalpy of the air

h] = hﬂ.] + m]hvl — fp?—r] + {Ulhgl
= (1.005 kJ/kg - °C)(25°C) + (0.00653)(2546.5 kJ/ke)
= 41.8 kJ/kg dry air
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THE PSYCHROMETRIC CHART

The state of the atmospheric air at a specified pressure is completely specified by two
independent intensive properties. The rest of the properties can be calculated easily from
the relations above. The sizing of a typical air conditioning system involves numerous such

calculations, which may eventually get on the nerves of even the most patient engineers.
Therefore, there is clear motivation to computerize calculations or to do these calculations
once and to present the data in the form of easily readable charts. Such charts are called
psychrometric charts, and they are used extensively in air-conditioning applications.

Saturation line ———

Ty = 15°C

Specific humidity, @

15°C

Dry-bulb temperature

Schematic for a psychrometric chart. For saturated air, the dry-bulb, wet-bulb, and dew-

point temperatures are identical.
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Example 14-4

Consider a room that contains air at 1 atm, 35°C, and 40 percent relative humidity. Using the
psychrometric chart, determine (a) the specific humidity, (b) the enthalpy, (c) the wet-bulb
temperature, (d ) the dew-point temperature, and (e) the specific volume of the air.

(a) The specific humidity is determined by drawing a horizontal line
from the specified state to the right until it intersects with the w axis;

w = 0.0142 kg H,O/kg dry air

b) The enthalpy of air per unit mass of dry air is determined by
drawing a line parallel to the h=constant lines from the specific state
until it intersects the enthalpy scale;

h = 71.5 kJ/kg dry air

(c) The wet-bulb temperature is determined by drawing a line parallel
to the T, =cnst lines from the specified state until it intersects the
saturation line. |

T, = 24°C

W

(d ) The dew-point temperature is determined by drawing a horizontal line from
the specified state to the left until it intersects the saturation line.

Ty, = 19.4°C

(e) The specific volume per unit mass of dry air is determined by noting the
distances between the specified state and the v constant lines on both
sides of the point.,

v = 0.893 m’/kg dry air
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HUMAN COMFORT AND AIR-CONDITIONING

Human beings have an inherent weakness—they want to feel comfortable. They want to
live in an environment that is neither hot nor cold, neither humid nor dry. However,
comfort does not come easily since the desires of the human body and the weather

usually are not quite compatible.

Achieving comfort requires a constant struggle against the factors that cause discomfort,
such as high or low temperatures and high or low humidity. As engineers, it is our duty to
help people feel comfortable.




The human body can be viewed as a heat engine whose energy input is food. As with any
other heat engine, the human body generates waste heat that must be rejected to the
environment if the body is to continue operating. The rate of heat generation depends
on the level of the activity. For an average adult male, it is about 87 W when sleeping,

115 W when resting or doing office work, 230 W when bowling, and 440 W when doing
heavy physical work.

A body feels comfortable when it can freely
dissipate its waste heat, and no more..
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In hot environments, we have the opposite problem—we
do not seem to be dissipating enough heat from our
bodies, and we feel as if we are going to burst. We dress
lightly to make it easier for heat to get away from our

MAYBE A LITTLE
TOO COMFORTABLE /

bodies, and we reduce the level of activity to minimize the
M rate of waste heat generation in the body.

23°C .
b = 50% We also turn on the fan to continuously replace the
Air motion warmer air layer that forms around our bodies as a result
15 m/min

of body heat by the cooler air in other parts of the room.

The corresponding numbers for an adult female are
about 15 percent less. (This difference is due to the
body size, not the body temperature. The deep-body
temperature of a healthy person is maintained
constant at 37°C.)

A body will feel comfortable in environments in
which it can dissipate this waste heat comfortably.




The comfort of the human body depends primarily on three factors:

The (dry-bulb) temperature, relative humidity, and air motion.

The temperature of the environment is the single most important index of comfort.

Most people feel comfortable when the environment temperature is between 22-27°C.

The relative humidity also has a considerable effect on comfort since it affects the amount
of heat a body can dissipate through evaporation.

Relative humidity is a measure of air’s ability to absorb more moisture.

High relative humidity slows down heat rejection by evaporation, and low relative
humidity speeds it up.

Most people prefer a relative humidity of 40 to 60 percent.
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AIR-CONDITIONING PROCESSES

Maintaining a living space or an industrial facility at
the desired temperature and humidity requires
some processes called air-conditioning processes.
These processes include

simple heating (raising the temperature),
simple cooling (lowering the temperature),
humidifying (adding moisture),

and dehumidifying (removing moisture).

Humidifying

Cooling

Sometimes two or more of these processes are
needed to bring the air to a desired temperature
and humidity level.

Various air-conditioning processes are illustrated on the psychrometric chart.
Notice that simple heating and cooling processes appear as horizontal lines on this chart
since the moisture content of the air remains constant (w = constant) during these

processes. Air is commonly heated and humidified in winter and cooled and dehumidified
in summer.

Notice how these processes appear on the psychrometric chart.
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Most air-conditioning processes can be modeled as steady-flow processes, and thus the
mass balance relation an be expressed for dry air and water as;

( E Mip = Moy
Mass balance for dry air: 2 m, ;= 2 My . (kg/s)

Mass balance for water: 2 m,, ; = E”M-. ., Or E”h;. [ W; = 2 m, ,m,

where the subscripts i and e denote the inlet and the exit states, respectively.
Disregarding the kinetic and potential energy changes, the steady-flow
energy balance relation can be expressed in this case as;

Ein — El:-ul

Qin + ""i";in - 2 mih; = Quu F W Z meh,

The work term usually consists of the fan work input, which is small relative to the other
terms in the energy balance relation.




Simple Heating and Cooling (w = constant)

Many residential heating systems consist of a stove, a heat pump, or an electric
resistance heater. The air in these systems is heated by circulating it through a duct
that contains the tubing for the hot gases or the electric resistance wires.

Heating coils

= o

emains constant during this process since no
the air. That is, the specific humidity of the air
g a heating (or cooling) process with no

a heating process will proceed in the
ture following a line of constant specific
ich appears as a horizontal line.
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Notice that the relative humidity of air decreases during a heating process even if the
specific humidity v remains constant. This is because the relative humidity is the ratio
of the moisture content to the moisture capacity of air at the same temperature, and
moisture capacity increases with temperature. Therefore, the relative humidity of
heated air may be well below comfortable levels, causing dry skin, respiratory
difficulties, and an increase in static electricity.

The conservation of mass equations for a heating or cooling process that involves no
humidification or dehumidification reduce to;

for dry air .*f.’” = rﬂm = ma

for water w; = W,

Energy balance

*

O = my(h, — h;)) or g=h,—h
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The conservation of mass equations for a heating
or cooling process that involves no humidification
or dehumidification reduce to m_, m,, =m, for
dry air and vl v2 for water. Neglecting any fan
work that may be present, the conservation of
energy equation in this case reduces to Q veya q ;

Q =iig(hy — hy) or q=h,— h p2=80% ) =30%
A
where h, and h, are enthalpies per unit mass of : i
dry air at the inlet and the exit of the heating or g;ﬁ'ﬂgm'“ | |
cooling section, respectively. | |
2o 30°C

During simple cooling, specific humidity remains
constant, but relative humidity increases.
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with Humidification

Heating

The low relative humidity resulting from coils

Humidifier
simple heating can be eliminated by

humidifying the heated air. L_QQQQQQQQJ =

o | o) | = *3

This is accomplished by passing the air — ) —

first through a heating section (process 1- [aS Wy = = 3> wm,

2) and then through a humidifying . . . . J
Humidifying

section (process 2-3) Heating
section section

e

The location of state 3 depends on how the humidification is accomplished.

If steam is introduced in the humidification section, this will result in humidification
with additional heating (75 > T,). If humidification is accomplished by spraying water
into the airstream instead, part of the latent heat of vaporization will come from the
air, which will result in the cooling of the heated airstream (T; < T,). Air should be
heated to a higher temperature in the heating section in this case to make up for the
cooling effect during the humidification process.




Example 14-5

An air-conditioning system is to take in outdoor air at 10°C and 30 percent relative humidity at a
steady rate of 45 m3/min and to condition it to 25°C and 60 percent relative humidity. The outdoor
air is first heated to 22°C in the heating section and then humidified by the injection of hot steam in
the humidifying section. Assuming the entire process takes place at a pressure of 100 kPa,
determine (a) the rate of heat supply in the heating section and (b) the mass flow rate of the steam

required in the humidifying section..

Heating
* coils ) < Humidifier
T ARAARAAR T 1 =
T) =10°C :M@QW = IT3=25°C
by =30% ——> AIR = |b3=60% NS
U, = 45 m3/min —79° _ | s
| L =2t = | o E
I 2 3 y
(a) Applying the mass and energy balances on the heating
section gives
25°C
Dry air mass balance: Mg, = My, = My,
Water mass balance: M) = MWy —> @ = W,
Energy: Oy, + myhy = m,hy, — Oy, = my,(hy, — hy)




P, = $\P, = dPyeioc = (0.3)(1.2281 kPa) = 0.368 kPa
P, =P, — P, = (100 — 0.368) kPa = 99.632 kPa

_ R,T;  (0.287 kPa-m?/kg - K) (283 K)

— = U. 5 : § cl
P 99.632 kPa 0.815 m”/kg dry air

, v, 45 m*/min '
m,=—= 3 = 55.2 kg/min
Vi 0.815 m’/kg

Vi

0.622P, 0.622(0.368 kPa) ,
W, = — _ = 0.0023 kg H,O/kg dry air
P, — P, (100 — 0.368) kPa
hy = ¢,T) + wh, = (1.005kJ/kg-°C)(10°C) + (0.0023)(2519.2 kJ/kg)
= 15.8 kJ/kg dry air
hy, = ¢,T, + wyh,, = (1.005 kJ/kg-°C)(22°C) + (0.0023)(2541.0 kJ/kg)

= 28.0 kJ/kg dry air




since w, = w, . Then the rate of heat transfer to air in the heating section becomes
Q., = ry(hy — hy) = (55.2 kg/min)[ (28.0 — 15.8) kI /kg]
= 673 kJ/min

(b) The mass balance for water in the humidifying section

Mg @y + My, = N, w3 i, = 1, (w; — w,)

0.622¢3P,  0.622(0.60)(3.1698 kPa)
“3 7 Py — P, [100 — (0.60)(3.1698)] kPa

= 0.01206 kg H,O/kg dry air




Cooling with Dehumidification

The specific humidity of air remains constant during a simple cooling process, but its
relative humidity increases. If the relative humidity reaches undesirably high levels, it may
be necessary to remove some moisture from the air, that is, to dehumidify it. This requires
cooling the air below its dewpoint temperature.

Cooling coils

7l
1 I
- AIR=F |
L L :\Condensate | i
> v/ 1 |
T, = 14°C T, = 30°C | |
$y=100% | 4oc b= 80% | I
" V, = 10 m*/mi | |
Condensate 1 m-/min | |
removal l 1

14°C 30°C
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Exqmple 14-6 Cooling coils
Air enters a window air conditioner at 1 atm, 30°C, and 80

percent relative humidity at a rate of 10 m3/min, and it leaves
as saturated air at 14°C. Part of the moisture in the air that |

]

condenses during the process is also removed at 14°C. RS WY =\Condensaﬁ3m‘_'_
Determine the rates of heat and moisture removal from the air. E———:‘-_-_-'a_-__________l
Tz = 140(: Tl - 300C
by = 100% 14°C by = 30%3 ‘
Condensate V, =10 m”’/min

removal

The enthalpy of saturated liquid water at 14°C is 58.8
kl/kg (Table A—4). Also, the inlet and the exit states of
the air are completely specified, and the total

by = 100%

2

pressure is 1 atm. Therefore, we can determine the
properties of the air at both states from the
psychrometric chart to be

14°C 30°C
h, = 85.4 kl/kg dry air h, = 39.3 kl/kg dry air

w, = 0.0216 kg H,O/kg dry air and w, = 0.0100 kg H,O/kg dry air
v, = 0.889 m¥/kg dry air
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Dry air mass balance: My, = My, = M,
Water mass balance: My = My + my, —  m, = my(w; — w,)
Energy balance: Z mih; = Q. + Z myh, —

Qo = m(h; — hy) — m,, h,
Il?.w = hf@ 14°C = 58.8 kJ/kg
v, 10 m’/min |
— = : — = 11.25 kg/min
Vi 0.889 m’/kg dry air
m,, = (11.25 kg/min)(0.0216 — 0.0100) = 0.131 kg/min
Qou = (11.25kg/min)[(85.4 — 39.3) kJ/kg] — (0.131 kg/min) (58.8 kl/kg)

= 511 kJ/min

m, =

Therefore, this air-conditioning unit removes moisture and heat from the air

at rates of 0.131 kg/min and 511 kJ/min, respectively.




Evaporative Cooling

In desert (hot and dry) climates, we can avoid
the high cost of cooling by using evaporative
coolers, also known as swamp coolers.

T, = const.

/ h = const.
~ 2

Evaporative cooling is based on a simple principle:

As water evaporates, the latent heat of vaporization is
absorbed from the water body and the surrounding air.
As a result, both the water and the air are cooled
during the process.

Water that
leaks out
This approach has been used for thousands of years to
. : : . : Hot, dry
cool water. A porous jug or pitcher filled with water is wir
left in an open, shaded area. A small amount of water —
leaks out through the porous holes, and the pitcher -

—

“sweats.” In a dry environment, this water evaporates
and cools the remaining water in the pitcher.

— -

Water in a porous jug left in an open, breezy
area cools as a result of evaporative cooling.




Adiabatic Mixing of Airstreams

Many air-conditioning applications require the mixing of two airstreams. This is particularly
true for large buildings, most production and process plants, and hospitals, which require
that the conditioned air be mixed with a certain fraction of fresh outside air before it is

routed into the living space. The mixing is accomplished by simply merging the two
airstreams.

The heat transfer with the surroundings is usually small, and thus the mixing processes can
be assumed to be adiabatic. Mixing processes normally involve no work interactions, and the
changes in kinetic and potential energies, if any, are negligible.

My Wy— @3 hs— by

m, @3— w; hy— h
Mass of dry air: M, + My = m,,
Mass of water vapor: WMy, + WaM,, = W3,
Energy: my hy + mghy = mghy
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when two airstreams at two different states (states 1 and 2) are mixed adiabatically, the
state of the mixture (state 3) will lie on the straight line connecting states 1 and 2 on the

psychrometric chart, and the ratio of the distances 2-3 and 3-1 is equal to the ratio of
mass flow rates m, and m,,.

Mixing
section

The concave nature of the saturation curve and the conclusion above lead to an
interesting possibility. When states 1 and 2 are located close to the saturation curve, the
straight line connecting the two states will cross the saturation curve, and state 3 may lie

to the left of the saturation curve. In this case, some water will inevitably condense
during the mixing process.




Example 14-8

Saturated air leaving the cooling section of an air-conditioning system at 14°C at a rate of 50 m3/min
is mixed adiabatically with the outside air at 32°C and 60 percent relative humidity at a rate of 20
m3/min. Assuming that the mixing process occurs at a pressure of 1 atm, determine the specific
humidity, the relative humidity, the dry-bulb temperature, and the volume flow rate of the mixture.

The properties of each inlet stream are determined from the psychrometric chart to be

h; = 39.4 kJ/kg dry air h, = 79.0 k] /kg dry air
w,; = 0.010 kg H,O/kg dry air @, = 0.0182 kg H,O/kg dry air
v; = 0.826 m*/kg dry air v, = 0.889 m’/kg dry air

The mass flow rates of dry air in each stream are

, v, 50 m*/min |

m, =— = — — = 60.5 kg/min

v 0.826 m’/kg dry air
V, 20 m’/min

m, =— = 3 — = 22.5 kg/min
* Vv 0.889 m’/kg dry air

From the mass balance of dry air,

m, = m, + m, = (60.5 + 22.5) kg/min = 83 kg/min




}Hal Wy — Wy ]12 — h}

Wy, — o,  hy — h, w; = 0.0122 kg H,0O/kg dry air

m,

605 0.0182 —w; 79.0 — hy hy = 50.1 kJ/kg dry air

225 @y —0.010 hy, — 394

These two properties fix the state of the mixture. Other properties of the mixture
are determined from the psychrometric chart:

T; = 19.0°C
b3 = 89%
v; = 0.844 m’/kg dry air
V; = m, Vs = (83 kg/min)(0.844 m’/kg) = 70.1 m’/min

Notice that the volume flow rate of the mixture is approximately equal to the sum of the

volume flow rates of the two incoming streams. This is typical in air-conditioning
applications.




Wet Cooling Towers

Power plants, large air-conditioning systems, and
some industries generate large quantities of waste AIR EXIT
heat that is often rejected to cooling water from BEREE
nearby lakes or rivers. In some cases, however, the

water supply is limited or thermal pollution is a WARM FAN :
serious concern. In such cases, the waste heat must WATER WA WY.L
be rejected to the atmosphere, with cooling water

recirculating and serving as a transport medium for
heat transfer between the source and the sink (the 4 \ AIR

atmosphere). One way of achieving this is through 3 INLET
the use of wet cooling towers. 3

COOL

WATER

Is essentially a semienclosed
ive cooler.

An induced-draft
cooling to




Another popular type of cooling tower is the , Which looks like a
large chimney and works like an ordinary chimney. The air in the tower has a high water-
vapor content, and thus it is lighter than the outside air. Consequently, the light air in the
tower rises, and the heavier outside air fills the vacant space, creating an airflow from the

bottom of the tower to the top. The flow rate of air is controlled by the conditions of the
atmospheric air. Natural-draft cooling towers do not require any external power to induce
the air, but they cost a lot more to build than forced-draft cooling towers. The natural-draft
cooling towers are hyperbolic in profile, and some are over 100 m high. The hyperbolic
profile is for greater structural strength, not for any thermodynamic reason.

ettt

WARM AAARA A

WATER AIR
INLET
COOL

WATER '
IA natural-draft cool- A spray p




Example 14-9 () iuinpmn
Cooling water leaves the condenser of a power plant and entersawet |, tt1it1]

cooling tower at 35°C at a rate of 100 kg/s. The water is cooled to 22°C su__ & lf“—:{]"—'t-\
in the cooling tower by air that enters the tower at 1 atm, 20°C, and 60 {15 “ 57 f A A
percent relative humidity and leaves saturated at 30°C. Neglecting the i
power input to the fan, determine (a) the volume flow rate of air into the Sistem ~ |
cooling tower and (b) the mass flow rate of the required makeup water. s { (T)HAVA
A
h, = 42.2 kl/kg dry air h, = 100.0 kJ/kg dry air ook @1 b o
LA | b1 =%60
w, = 0.0087 kg H,O/kg dry air and , = 0.0273 kg H,O/kg dry air Eki““” | I v
g 22°C
v, = 0.842 m¥/kg dry air T

Tamamlama

suyu

(a) Applying the mass and energy balances on the cooling tower gives

Dry air mass balance: My = My = My,
Water mass balance: My + m,aw; = my + m,w,

1 2
or my — My = (W) — 1) = M pagenp

Energy balance: E m;h; = 2 mehy — my hy + myhy = m,h, + myh,
or

myhy = m,(hy — hy) + (M3 — Mypapenp) g




Solving for m, gives
- o8 m3(hy — hy)

(hy = hy) — (@ — wy)hy
hy = h¢@3s:c = 146.64 kJ/kg H,0
hy = h¢@ e = 92.28kJ/kg H,O
(100 kg/s)[ (146.64 — 92.28) kJ/kg]

. = 96.9 ke
Me T T(100.0 — 42.2) KI/kg] — [(0.0273 — 0.0087)(92.28) kJ /ke] /s

m, =

Then the volume flow rate of air into the cooling tower becomes

V, = v, = (96.9 kg/s)(0.842 m’/kg) = 81.6 m’/s

(b) The mass flow rate of the required makeup water is determined from

makenp = Ma (@2 — @) = (96.9 kg/s)(0.0273 — 0.0087) = 1.80 kg/s

Note that over 98 percent of the cooling water is saved and recirculated in this case.




SUMMARY

In this chapter we discussed the air—water-vapor mixture, which is the most
commonly encountered gas—vapor mixture in practice.

The air in the atmosphere normally contains some water vapor, and it is
referred to as atmospheric air.

By contrast, air that contains no water vapor is called dry air.

The needs of the human body and the conditions of the environment are
not quite compatible. Therefore, it often becomes necessary to change the
conditions of a living space to make it more comfortable.

During a simple heating or cooling process, the specific humidity remains
constant, but the temperature and the relative humidity change.
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CHEMICAL REACTIONS

15-1 Fuels and Combustion

15-2 Theoretical and Actual Combustion Processes

15-3 Enthalpy of Formation and Enthalpy of Combustion

15-4 First-Law Analysis of Reacting Systems
Steady-Flow Systems
Closed Systems

15-5 Adiabatic Flame Temperature

15-6 Entropy Change of Reacting Systems

15-7 Second-Law Analysis of Reacting Systems




e Introduce the concepts of fuels and combustion.

* Apply the conservation of mass to reacting systems to determine balanced
reaction equations.

e Define the parameters used in combustion analysis, such as air—fuel ratio,
percent theoretical air, and dew-point temperature.

e Apply energy balances to reacting systems for both steady flow control volumes
and fixed mass systems.

e Calculate the enthalpy of reaction, enthalpy of combustion, and the heating
values of fuels.

e Determine the adiabatic flame temperature for reacting mixtures.
e Evaluate the entropy change of reacting systems.

e Analyze reacting systems from the second-law perspective.




FUELS AND COMBUSTION

Any material that can be burned to release thermal energy i |J
is called a fuel. Most familiar fuels consist primarily of Ky
hydrogen and carbon. They are called hydrocarbon fuels Gasoline
and are denoted by the general formula C H... —
. ) CRUDE Diesel fuel

Hydrocarbon fuels exist in all phases, some examples being o

. Fuel oil
coal, gasoline, and natural gas. =

g

A comparison of some alternative fuels to the traditional petroleum-based fuels
used in transportation

Energy content  Gasoline equivalence,*

Fuel kJ/L L/L-gasoline
Gasoline 31,850 1
Light diesel 33,170 0.96
Heavy diesel 35,800 0.89
LPG (Liquefied petroleum gas,

primarily propane) 23,410 1.36
Ethanol (or ethyl alcohol) 29,420 1.08
Methanol (or methyl alcohol) 18,210 1.75
CNG (Compressed natural gas,

primarily methane, at 200 atm) 8,080 3.94
LNG (Liquefied natural gas,

primarily methane) 20,490 1.55




On a mole or a volume basis, dry air is composed of 20.9 % oxygen, 78.1 % nitrogen, 0.9 %
argon, and small amounts of carbon dioxide, helium, neon, and hydrogen. In the analysis
of combustion processes, the argon in the air is treated as nitrogen, and the gases that

exist in trace amounts are disregarded.
Then dry air can be approximated as 21 % oxygen and 79 % nitrogen by mole numbers.
Therefore, each mole of oxygen entering a combustion chamber will be accompanied by

0.79/0.21 =3.76 mol of nitrogen.
1 kmol O, + 3.76 kmol N, = 4.76 kmol air

AIR

21% O,
79% N,

1 kmol O,
3.76 kmol N,

Combustion is a chemical reaction during
which a fuel is oxidized and a large quantit
of energy is released.

Each kmol of O, in air is accompanied by 3.7
kmol of N,

6l




We should also mention that bringing a fuel into intimate contact with oxygen is not
sufficient to start a combustion process. The fuel must be brought above its ignition
temperature to start the combustion. The minimum ignition temperatures of various

substances in atmospheric air are approximately 260°C for gasoline, 400°C for carbon,
580°C for hydrogen, 610°C for carbon monoxide, and 630°C for methane. Moreover, the
proportions of the fuel and air must be in the proper range for combustion to begin. For
example, natural gas will not burn in air in concentrations less than 5 % or greater than
about 15%.

C + 0,—CO, 2 kg hydrogen
16 kg oxygen
g 1
Reaction Products H; + 5 0, =~ H0
Reactants [r—
chamber
= 2 kg hydrogen

16 kg oxygen

In a steady-flow combustion process, the
components that enter the reaction chamber
are called reactants and the components that
exit are called products.

The mass (and number of atoms) of each
element is conserved during a chemical
reaction.




A frequently used quantity in the analysis of combustion processes to quantify the
amounts of fuel and air is the air—fuel ratio AF.

It is usually expressed on a mass basis and is defined as the ratio of the mass of air to the
mass of fuel for a combustion process.

The air—fuel ratio can also be expressed on a mole basis as the ratio of the mole numbers
of air to the mole numbers of fuel. But we will use the former definition.
The reciprocal of air—fuel ratio is called the fuel—air ratio.

—\F - I qir
Fuel M fel
[ Kk *1 Combustion
= chamber Products
Air Ske m = NM
r | AF=17 -
17 kg m
N

The air—fuel ratio (AF) represents the
amount of air used per unit mass of M
fuel during a combustion process.




Example 15-1 CgHyg

One kmol of octane (CgH,;) is burned with air that Trmol [T x CO,
contains 20 kmol of O Assuming the products contain ombustion > H,O
only CO,, H,0, O,, and N,, determine the mole number AIR chamber z O,
of each gas in the products and the air—fuel ratio for this - w N,
combustion process. )

CgH,s + 20(0, + 3.76N,) — xCO, + yH,0 + z0, + wN,

C: 8=x — x=8
H: 18=2y — y=9
O: 20X2=2x+v+2z — z=75
N,: (20)(3.76) =w — w =752
CgH,3 + 20(0O, + 3.76N,) — 8CO, + 9H,0 + 7.50, + 75.2N,
AF — Mair _ (NM ) gir
Mier  (NM)c + (NM), That is, 24.2 kg of air is
_ (20 X 4.76 kmol) (29 kg/kmol) Eislggrgombgnue;cdhurmg
(8 kmol) (12 kg/kmol) + (9 kmol) (2 kg/kmol) RN process.

= 24.2 kg air/kg fuel




THEORETICAL AND ACTUAL COMBUSTION PROCESSES

It is often instructive to study the combustion of a fuel by assuming that the
combustion is complete.

A combustion process is complete if all the carbon in the fuel burns to CO,, all the
hydrogen burns to H,0, and all the sulfur (if any) burns to SO,. That is, all the combustible
components of a fuel are burned to completion during a complete combustion process.

Conversely, the combustion process is incomplete if the combustion products
contain any unburned fuel or components such as C, H,, CO, or OH.

Insufficient oxygen is an obvious reason for incomplete combustion, but it is not the only
one. Incomplete combustion occurs even when more oxygen is present in the combustion
chamber than is needed for complete combustion.

This may be attributed to insufficient mixing in the combustion chamber during the
limited time that the fuel and the oxygen are in contact.

Another cause of incomplete combustion is dissociation, which becomes
important at high temperatures.
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Fuel n CO,
CH g H,0
‘nem Combustion 2 2
i
AIR chamber Excess O,
> N,

A combustion process is complete if
all the combustible components of the
fuel are burned to completion.




Stoichiometric or theoretical air: The minimum amount of air needed for the complete
combustion of a fuel.

Stoichiometric or theoretical combustion: The ideal combustion process during which a fuel
is burned completely with theoretical air.

Excess air: In actual combustion processes, it is common practice to use more air than the
stoichiometric amount to increase the chances of complete combustion or to control the
temperature of the combustion chamber. The amount of air in excess of the stoichiometric
amount is called excess air.

Deficiency of air: Amounts of air less than the stoichiometric amount.

Equivalence ratio: he amount of air used in combustion processes is also expressed in
terms of the equivalence ratio, which is the ratio of the actual fuel—air ratio to the
stoichiometric fuel—air ratio.

. 2 .} —=
50 % excess air = 150 % theoretical air The complete combustion CES;{?& jfj::;;
200 % excess air = 150 % theoretical air PHOCESS with no frfee OxyeSll S ]
90 % theoretical air = 10 % deficiency air in the products is Calle@R - no unburned fuel
theoretical combustion. * no free oxygen in products




BEFORE

Predicting the composition of the products is 100 kPa AFTER
relatively easy when the combustion process is 25°C 100 kPa
assumed to be complete and the exact amounts of Gas sample Gaszf;iple
the fuel and air used are known. includin_lg Co, without CO,

| liter 0.9 liter
All one needs to do in this case is simply apply the v
mass balance to each element that appears in the Veo, = €% _0a_ 0.1
combustion equation, without needing to take any . v ]
measurements. Determining the mole fraction of the

CO2 in combustion gases by using the
Orsat gas analyzer.

However, when one is dealing with actual combustion processes. For one thing, actual
combustion processes are hardly ever complete, even in the presence of excess air.

Therefore, it is impossible to predict the composition of the products on the basis of the mass
balance alone. Then the only alternative we have is to measure the amount of each
component in the products directly.

Commonly used device to analyze the composition of combustion gases is the Orsat gas
analyzer.




Example 15-2 CgHﬁ
Ethane (C,Hg) is burned with 20 percent excess air during a * Combustion
combustion process. Assuming complete combustion and a chamber
total pressure of 100 kPa, determine (a) the air—fuel ratio AIR
: 100 kPa
and (b) the dew-point temperature of the products. _ -
(20% excess)

C,Hg + 1.2a, (O, + 3.76N,) — 2CO, + 3H,0 + 0.24, 0, + (1.2 X 3.76)a, N,

0O, 1.2, =2+ 15+ 02aq, —a, =35

C,Hg + 4.2(0, + 3.76N,) — 2CO, + 3H,0 + 0.70, + 15.79N,

(a) The air—fuel ratio is determined by taking the ratio of the mass of the air to the mass of the fuel,

= M ;. (4.2 X 4.76 kmol) (29 kg/kmol)

Mee (2 kmol)(12 kg/kmol) + (3 kmol) (2 kg/kmol)

= 19.3 kg air/kg fuel

(b) the dew-point temperature of the products

N, 3 kmol
p — P )= 100 kPa) = 13.96 kP:
‘ (Npmd)( prod) (21,49 kmol) ( 2) !

I:‘:Ip = ?;ﬂl@ 13.06 kPa — 52.3°C (Tﬂ.blﬂ A—S]




Example 15-3 FUEL |

A certain natural gas has the following volumetric analysis: 72 %  CHi O,. H, Ci?;ﬂ}igrﬂ” CO,
CH,, 9 % H,, 14 % N,, 2 % O,, and 3 % CO,. This gas is now Ny, CO; — > H,0
burned with the stoichiometric amount of air that enters the N R Lo N,

combustion chamber at 20°C, 1 atm, and 80 % relative humidity.
Assuming complete combustion and a total pressure of 1 atm,
determine the dew-point temperature of the products.

Considering 1 kmol of fuel,

20°C, ¢ = 80%

fuel dry air
(0.72CH, + 0.09H, + 0.14N, + 0.020, + 0.03C0O,) + ag(0, + 3.76N,) —

xCO, + yH,0 + zN,

C: 072 +003=x — x=075
H:  072X44009%x2=2y — y=153

y
O,:  0.02+003+a, =x+ 5 = = 1.465
N,: 0.14 + 3.76a, =7 — 7 =15.648

4.76a, = (4.76)(1.465) = 6.97 kmol of dry air.
P, air = GuicPat @ 20c = (0.80)(2.3392 kPa) = 1.871 kPa




v~ (P) N :( 1.871 kPa )(6*9? +N,.) Nuw = 0.131kmol
Pou/) 0 101.325 kPa

fuel dry air

(0.72CH, + 0.09H, + 0.14N, + 0.020, + 0.03C0O,) + 1.465(0, + 3.76N,)

moisture includes moisture

+ 0.131H,0 — 0.75C0, + 1.661H,0 + 5.648N,

Ny, pro 1.661 kmol
P, oroa = ( i d)Ppmd = ( ) (101.325 kPa) = 20.88 kPa
‘ L 8.059 kmol

— —_ '. O g™
Tap = Tt @ 2088 kpa = 600.9°C

Discussion If the combustion process were achieved with dry air instead of

moist air, the products would contain less moisture, and the dew-point tem-
perature in this case would be 59.5°C.




Example 15-4

Octane (CgH,g) is burned with dry air. The volumetric analysis of the products on a dry basis is given
below. Determine (a) the air—fuel ratio, (b) the percentage of theoretical air used, and (c) the amount
of H,O that condenses as the products are cooled to 25°C at 100 kPa.

| 10.02% CO
. o7 —— 2
0,: o 5.62 TR 5.62% O,
. A —_— <
Co: % 0.88 AIR chamber 0.88% CO
N,: %8348 — 83.48% N,

xCgH ¢ + a(0, + 3.76N,) — 10.02CO, + 0.88CO + 5.620, + 83.48N, + bH,0

N,: 3.76a = 83.48 — a = 22.20
C: 8x =1002 + 088 — x = 1.36
H: 18x=2b — b=1224

b
O,: a=10.02 + 0.44 + 5.62 + P 22.20 = 22.20

—

1.36CH,; + 22.2(0, + 3.76N,) —
10.02CO, + 0.88CO + 5.620, + 83.48N, + 12.24H,0
CgHyg + 16.32(0, + 3.76N,) —

7.37CO, + 0.65CO + 4.130, + 61.38N, + 9H,0




(a) The air—fuel ratio is determined by taking the ratio of the mass of the air to the mass of the fuel

Ap = M (16.32 X 4.76 kmol) (29 kg/kmol)
" Mga  (8kmol) (12 kg/kmol) + (9 kmol) (2 kg/kmol)

= 19.76 kg air/kg fuel

(b) To find the percentage of theoretical air used, we need to know the theoretical amount of air,
which is determined from the theoretical combustion equation of the fuel,

CTSHIS + fi’k (02 + S?GNE) —}8(:102 + L}HEO + 3?6“[{1\12
O, 4 =8 + 45— a, =125

M iy N..
Percentage of theoretical air = ——— = ——
M yir, th 'Nair. th
(16.32)(4.76) kmol
(12.50)(4.76) kmol
= 131%
That is, 31 percent excess air was used during this combustion process. Notice that

some carbon formed carbon monoxide even though there was considerably more oxygen
than needed for complete combustion.




(c) For each kmol of fuel burned, 7.37 + 0.65 + 4.13 + 61.38 + 9 = 82.53 kmol of products are
formed, including 9 kmol of H,0. Assuming that the dew-point temperature of the products is
above 25°C, some of the water vapor will condense as the products are cooled to 25°C.

N, P,

N prod, gas P prod

9—N,  3.1698 kPa

8253 — N, 100 kPa
N,, = 6.59 kmol




ENTHALPY OF FORMATION AND ENTHALPY OF COMBUSTION

During a chemical reaction, some chemical bonds that bind the atoms into molecules are
broken, and new ones are formed. The chemical energy associated with these bonds, in

general, is different for the reactants and the products. Therefore, a process that involves
chemical reactions will involve changes in chemical energies, which must be accounted
for in an energy balance.

Nuclear energy AE

Chemical energy

Latent energy

Sensible
cnergy _’/::l

. \L--_-/‘
MOLECULE 7.

MOLECULE

Broken
chemical bond

7When the existing chemical bonds are destro
and new ones are formed during a combustio
process, usually a large amount of sensible
energy is absorbed or released.

The microscopic form of energy of a substance
consists of sensible, latent, chemical, and nuclear
energies.




Enthalpy of reaction, h,: The difference between the enthalpy of the products at a
specified state and the enthalpy of the reactants at the same state for a complete
reaction.

Enthalpy of combustion, h. : The amount of heat released during a steady-flow
combustion process when 1 kmol (or 1 kg) of fuel is burned completely at a specified
temperature and pressure.

Enthalpy of formation, h;: The enthalpy of a substance at a specified state due to its
chemical composition.

To establish a starting point, we assign the enthalpy of formation of all stable elements
(such as O,, N,, H,, and C) a value of zero at the standard reference state of 25°C and 1

atm. That is, h"f = 0 for all stable elements.

Q = Hyoq — Hieaor = —393.520 kJ/kmol

hg = he = Hyng — Hiep h? co, = —393.520 kJ/kmol

prod




393,520 kJ

[ kmol C .
25°C. Latm | combustion CO,

[ kmol O, D 25°C, 1 atmh
25°C, 1 atm i

The formation of CO, during a steady flow
combustion process at 25C and 1 atm.




Heating value: The amount of heat released when LHV = O,y (mhge) o0
a fuel is burned completely in a steady-flow process -« A
and the products are returned to the state of the _Fuel |
reactants. Tkg Combustion Products
Air chamber (vapor H,0)
Higher heating value (HHV): The heating value
depends on the phase of the H,0 in the products
The heating value is called the higher heating value E—
(HHV) when the H,O in the products is in the liquid (liquid H,0)
form.
HHV =LHV + Emhﬁ}H?U

Lower heating value (LHV): when the H,0 in the _
products is in the vapor The higher heating value of a fuel is equal

to the sum of the lower heating value of

Ht"aitillg value = “"C| (]\-J fkg flit’fl) the fuel and the latent heat of vaporization
: of the H,O in the products.

HHV = LHV + (mh,)u.0 (kJ/kg fuel)

where m is the mass of H,O in the products per unit mass of fuel and hy, is the

enthalpy of vaporization of water at the specified temperature.




he=H, 4 —H

Example 15-5 prod react
Determine the enthalpy of combustion of liquid octane (CgH ) ] o
at 25°C and 1 atm, using enthalpy-of-formation data from CaHig () . o
Table A—26. Assume the water in the products is in the liquid  25°C. L atm 25°C 2
form — H,0(2)
- AIR 1 atm
- N:
25°C, 1 atm
CgH;s + a, (O, + 3.76N,) — 8CO, + 9H,O({) + 3.764, N,
h:‘." — Hpmd - HIEact
= EN;J”EF EN hfr = N”f)m + (Nhf) (Nf""fr')cﬁﬂ.Ii

he = (8 kmol)(—393,520 kJ/kmol) + (9 kmol)(—285,830 kJ/kmol)
— (1 kmol) (—249,950 kJ/kmol)
= —5,471,000 kJ/kmol CgH,s = —47.891 kJ/kg CsH;

It can be shown that the result for gaseous octane is -5,512,200 kl/kmol or -48,255

kl/kg.

23




FIRST-LAW ANALYSIS OF REACTING SYSTEMS

The energy balance (or the first-law) relations developed in
Chaps. 4 and 5 are applicable to both reacting and
nonreacting systems. However, chemically reacting systems
involve changes in their chemical energy, and thus it is more
convenient to rewrite the energy balance relations so that

the changes in chemical energies are explicitly expressed. We

do this first for steady-flow systems and then for closed
systems.

Steady-Flow Systems
Enthalpy = E}’ + (h — h°) (kJ/kmol)

where the term in the parentheses represents the sensible
enthalpy relative to the standard reference state, which is the
difference between h (the sensible enthalpy at the specified

state) and EO (the sensible enthalpy at the standard reference
state of 25°C and 1 atm).

This definition enables us to use enthalpy values from tables
regardless of the reference state used in their construction.

Enthalpy at
25°C, 1 atm

H=N (hf+ h-K°)

N

Sensible
enthalpy relative
to 25°C, 1 atm

Fite enthalpy of a chemical
component at a specified stat
is the sum of the enthalpy of
the component at 25C, 1 atm
(hs), and the sensible enthalpy
of the component relative to
25C, 1 atm.




Ein — Eout

l-‘;.:;’*in * H.';in » 2 "'}r(’f_".l.f}' - ﬁ = H:),. o Qmut T 1,.-1!%[ » E ”In (Elr + E = E: );a

Rate of net energy transfer in Rate of net energy transfer out
by heat, work, and mass by heat, work, and mass

tgm A H;m + E 1\’(5.’ T H - H)a = t-:'_}ulll + ]’ipi-n.u T E :"’\'Fﬁ (Ef 3 ﬂ p— E ).h

Energy transfer in per mole of fuel Energy transfer out per mole of fuel
by heat, work, and mass by heat, work, and mass




Taking heat transfer to the system and work done by the system to be positive quantities,

the energy balance relation above can be expressed more compactly as
D — W= E‘:\’:"*( “+ h— h E N,.(h} + h—h° )
H o (kJ/kmol fuel)

(kJ/kmol fuel)

Q- W= Hpmd o
Hyoa = 2N, (h3+ h — h°), =
Hicoet = Emrr(ﬂ? +h — EO);. =

If the enthalpy of combustion h°, for a particular reaction is available, the steady-flow

(kJ/kmol fuel)

energy equation per mole of fuel can be expressed as

0 — + ¥ Ny(h = k)= 3 Nk = i°) (kJ/kmol)

A combustion chamber normally involves heat output but no heat input
Then the energy balance for a typical steady-flow combustion process becomes

= Y N/(h%+ h — h°) E\h,—h—h]

Energy in 1‘1}-‘ mass Energy out by mass

per mole of fuel per mole of fuel

It\"l.ll




Closed Systems

The general closed-system energy balance relation E; - E,, =AE ..., can be expressed for

out —

a stationary chemically reacting closed system as

(Qin - Qc-ut) + (Win o WDLI[) = YUprod — Ureact (k]/kl’l’lﬂl leE:l)

the internal energy of formation

O—W=3Nh5+ b~k —P0),—~ 3 N{h; +h—h— BY),

we need to know whether the fuel is a solid, a liquid, or a gas since the enthalpy of
formation hf" of a fuel depends on the phase of the fuel. We also need to know the state
of the fuel when it enters the combustion chamber in order to determine its enthalpy.

U=H-PV
—~ N{Hj°=+ h—h®) - PV
—~ N{ﬁ;:+ h—h°— PVU)

An expression for the internal energy of a chemical
component in terms of the enthalpy..




Example 15-6 Q="

Liquid propane (C;Hg) enters a combustion chamber at 25°C _ -

at a rate of 0.05 kg/min where it is mixed and burned with 50 Gt (@) . H,Q
% excess air that enters the combustion chamber at 7°C. An  25°C. 0.05 kg/min | - . 11500 K CO;
analysis of the combustion gases reveals that all the AIR chamber | . CO
hydrogen in the fuel burns to H,O but only 90 % of the carbon — - gz

burns to CO,, with the remaining 10 percent forming CO. If
the exit temperature of the combustion gases is 1500 K,
determine (a) the mass flow rate of air and (b) the rate of heat
transfer from the combustion chamber.

CHs(€) + a,, (0, + 3.76N,) — 3CO, + 4H,0 + 3.76a,N,

O, balance: gy =3+ 2 =5

CyHy(s) + 7.5(0, + 3.76N,) — 2.7CO, + 0.3CO + 4H,0 + 2.650, + 28.2N,

(a) The air—fuel ratio for this combustion process is

Mye (7.5 X 4.76 kmol) (29 kg/kmol)
Mg (3 kmol) (12 kg/kmol) + (4 kmol) (2 kg/kmol)

= 25.53 kg air/kg fuel

AF =




m air (AF) (ﬂifuel)
= (23.53 kg air/kg fuel) (0.05 kg fuel/min)
= 1.18 kg air/min

(b) The heat transfer for this steady-flow combustion process is determined from the steady
-flow energy balance E_ =E,, applied on the combustion chamber per unit mole of the fuel,

out

Oout + 2, N,(h3 + h — h°), = D, N,(h + h — h°),

Qn:rut = ENF(E}I + E - ECI):‘ - ENP(E_? + E - Eo)p

hg hago K h2og K h1500 K
Substance kJ/kmol kJ/kmol kJ/kmol kJ/kmol
C;sHg(€) —-118,910 — - —
O, 0 8150 8682 49,292
N, 0 8141 8669 47,073
H,0(g) —241,820 — 9904 57,999
CO, —393,520 — 9364 71,078
CO —110,530 — 8669 47,517




0o = (1 kmol C;H)[(— 118,910 + hyeg — f1905) kI/kmol CiHg]
+ (7.5 kmol 0,)[ (0 + 8150 — 8682) kJ/kmol O,]
+ (28.2 kmol N,)[ (0 + 8141 — 8669) kJ/kmol N, ]
— (2.7 kmol CO,)[(—393,520 + 71,078 — 9364) kJ/kmol CO,]
— (0.3 kmol CO)[(— 110,530 + 47.517 — 8669) kJ/kmol CO]
— (4 kmol H,0)[(—241,820 + 57.999 — 9904) kJ/kmol H,0]
— (2.65 kmol O,)[ (0 + 49,292 — 8682) kJ/kmol O,]
— (28.2 kmol N,)[ (0 + 47,073 — 8669) kJ/kmol N, ]
= 363,880 kJ/kmol of C;H,

Thus 363,880 kJ of heat is transferred from the combustion chamber for each kmol (44
kg) of propane. This corresponds to 363,880/44 = 8270 kJ of heat loss per kilogram of

propane. Then the rate of heat transfer for a mass flow rate of 0.05 kg/min for the
propane becomes.

O out = MGy = (0.05 kg/min) (8270 kJ/kg) = 413.5 kJ/min = 6.89 kW




ADIABATIC FLAME TEMPERATURE

In the absence of any work interactions and any changes in kinetic or potential energies,
the chemical energy released during a combustion process either is lost as heat to the
surroundings or is used internally to raise the temperature of the combustion products.

The smaller the heat loss, the larger the temperature rise. In the limiting case of no heat
loss to the surroundings (Q= 0), the temperature of the products will reach a maximum,
which is called the adiabatic flame or adiabatic combustion temperature of the reaction

— AT { ]G T _ AT B ) — L
Hp[‘l:rd - HI’EE'[CT_ E .'\'I”(.I'Irf f o .|'Irf h )Ji" — E \J(;j{ -+ N ! \’]f,
Insulation
Fuel |
Combustion Products
chamber T -

Ai[' max

[

The temperature of a combustion chamber will
be maximum when combustion 1s complete and
no heat is lost to the surroundings (@ = 0).




Note that the adiabatic flame temperature of a fuel is not unique.
Its value depends on

(1) the state of the reactants,

(2) the degree of completion of the reaction, and

(3) the amount of air used.
For a specified fuel at a specified state burned with air at a specified state, the adiabatic

flame temperature attains its maximum value when complete combustion occurs with the
theoretical amount of air.

Heat loss
Fuel
- ~h
lnwmp]_ete Products
combustion -
Ailr _ - Tpmd < Tmax
»| * Dissociation

The maximum temperature encountered in a
combustion chamber is lower than the theoretical
adiabatic flame temperature.




ENTROPY CHANGE OF REACTING SYSTEMS

The entropy balance relations developed in Chap. 7 are equally applicable to both

reacting and nonreacting systems provided that the entropies of individual constituents
are evaluated properly using a common basis. The entropy balance for any system
(including reacting systems) undergoing any process can be expressed as

Si — dout T S gen ASsystﬁm (k']/ K)
. g ) _ _
Net entropy transfer Entropy Change
by heat and mass  generation in entropy

Using quantities per unit mole of fuel and taking the positive direction of heat tr

to be to the system, the entropy balance relation can be expressed more explicitl
closed or steady-flow reacting system a

Eﬂ ¥ ‘Sg‘f’" = Sl"”'ﬂd — Sreact (l\J/K)

where Tk is temperature at the boundary where Q, crosses it. For an adiabatic
process (Q = 0), the entropy transfer term drops out and Eqg. 15-19 reduces to

Lsgen.ndiabulic o Spmd ok react =




The total entropy generated during a process
can be determined by applying the entropy
balance to an extended system that includes
the system itself and its immediate
Reactants Reaction Products @ surroundings where external irreversibilities
Seenct T chamber | Sorod might be occurring.
ASS},S When evaluating the entropy transfer
between an extended system and the
surroundings, the boundary temperature of
the extended system is simply taken to be

the environment temperature.

Surroundings

The determination of the entropy change associated with a chemical reaction seems to be
straightforward, except for one thing: The entropy relations for the reactants and the
products involve the entropies of the components, not entropy changes, which was the case
for nonreacting systems. Thus we are faced with the problem of finding a common base for
the entropy of all substances, as we did with enthalpy. The search for such a common base
led to the establishment of the third law of thermodynamics in the early part of this
century.

The third law was expressed as: The entropy of a pure crystalline substance at absolute zero

temperature is zero.




P
5(T.P) = 5°(T, Py) — R,In—

Py
2 )
S B = 55T P~ Bt kJ/kmol - K)

Th il ;'J B f( ’ ‘]'.) u 1 ( J/ KMo

0
<
\.z;@'
bo the third law of thermodynamics provides
an absolute base for the entropy values for
TH———— all substances. Entropy values relative to

this base are called the absolute entropy.

) ¥

P

As=—R,, In—
5 U TIP”

At a specified temperature, the absolute entropy of an
ideal gas at pressures other than Py=1 atm can be
determined by subtracting R In (P/P,) from the tabulated
value at 1 atm.




SECOND-LAW ANALYSIS OF REACTING SYSTEMS

Once the total entropy change or the entropy generation is evaluated, the exergy
destroyed X q;oyeq @SSOCiated with a chemical reaction can be determined from

X destroyed TO Sgen (k] )

= YN, W+ h— h° —Ty3), — D Ny(BS+ h — h° — T,5),

In the absence of any changes in kinetic and potential energies, the reversible work relation
for a steady-flow combustion process that involves heat transfer only with the
surroundings at T, can be obtained by replacing the enthalpy terms by, hf0+h — h° yielding

h — TUT = (h — Tn S, = 8o Gibbs function.

]'j';rcx-' = 2 N 8o.r — 2 \pm(} p

where , g°is the Gibbs function of formation

lm 2 }\‘ (%’ + ” o ;) = E\FP(E[F + ETf'"-:a = ED)P




Exergy
A

work

oA
!

Reversible

I.P
The difference between the exergy of the
reactants and of the products during a
chemical reaction is the reversible work
associated with that reaction.

=

State

Prof. Dr. Ali PINARBASI

Stable
elements

C+02—'"C02

5°C
25°C, 25 °C,
1 atm

The negative of the Gibbs function of
formation of a compound at 25C, 1 atm
represents the reversible work associated
with the formation of that compound from its
stable elements at 25C, 1 atm in an
environment that is at 25C, 1 atm..
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SUMMARY

Any material that can be burned to release energy is called a fuel, and a
chemical reaction during which a fuel is oxidized and a large quantity of
energy is released is called combustion.

The ratio of the mass of air to the mass of fuel during a combustion process
is called the air—fuel ratio AF.

The minimum amount of air needed for the complete combustion of a fuel is
called the stoichiometric or theoretical air.

For combustion processes, the enthalpy of reaction is usually referred to as
the enthalpy of combustion h,

The enthalpy of a substance at a specified state due to its chemical
composition is called the enthalpy of formation h,

The heating value of a fuel is equal to the absolute value of the enthalpy of
combustion of the fuel

In the absence of any heat loss to the surroundings (Q= 0), the temperature
of the products will reach a maximum, which is called the adiabatic flame
temperature of the reaction.
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EXERGY: A MEASURE OF WORK POTENTIAL

16-1 Criterion for Chemical Equilibrium
16-2 The Equilibrium Constant for Ideal-Gas Mixtures
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16-6 Phase Equilibrium
Phase Equilibrium for a Single-Component System
The Phase Rule
Phase Equilibrium for a Multicomponent System
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e Develop the equilibrium criterion for reacting systems based on the second law of
thermodynamics; more specifically, the increase of entropy principle.

e Develop a general criterion for chemical equilibrium applicable to any reacting system
based on minimizing the Gibbs function for the system.

e Define and evaluate the chemical equilibrium constant.

e Apply the general criterion for chemical equilibrium analysis to reacting ideal-gas mixtures.
e Apply the general criterion for chemical equilibrium analysis to simultaneous reactions.

e Relate the chemical equilibrium constant to the enthalpy of reaction.

e Establish the phase equilibrium for nonreacting systems in terms of the specific Gibbs
function of the phases of a pure substance.

e Apply the Gibbs phase rule to determine the number of independent variables associated
with a multicomponent, multiphase system.

e |dentify Henry’s law and Raoult’s law for gases dissolved in liquids.
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CRITERION FOR CHEMICAL EQUILIBRIUM

Consider a reaction chamber that contains a mixture of CO, O,, and CO, at a specified
temperature and pressure. Let us try to predict what will happen in this chamber.

CO +10, — CO,

This reaction is certainly a possibility, but it is not the only
possibility. It is also possible that some CO, in the combustion
chamber dissociated into CO and O,.

Yet a third possibility would be to have no reactions among the
three components at all, that is, for the system to be in
chemical equilibrium.

It appears that although we know the temperature, pressure,
and composition (thus the state) of the system, we are unable
to predict whether the system is in chemical equilibrium.

Co, Co,
co o,

& CO
CO,

CO 0,

A reaction chamber that
contains a mixture of CO,,
CO, and O, at a specified
temperature and pressure.

Assume that the CO, O,, and CO, mixture mentioned above is in chemical equilibrium at
the specified temperature and pressure. The chemical composition of this mixture will
not change unless the temperature or the pressure of the mixture is changed.
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A system and its surroundings form an
adiabatic system, and for such systems it
reduces to dS, = 0.

That is, a chemical reaction in an adiabatic
chamber proceeds in the direction of
increasing entropy.

When the entropy reaches a maximum, the
reaction stops.

Therefore, entropy is a very useful property in
the analysis of reacting adiabatic systems.

Prof. Dr. Ali PINARBASI

54 Violation of
dS=0  second law

100% Equilibrium 100%
reactants composition products

Equilibrium criteria for a chemical
reaction that takes place adiabatically..
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: : : : : REACTION
Consider a reacting (or nonreacting) simple compressible CHAMBER
system of fixed mass with only quasi-equilibrium work > OWp
modes at a specified temperature T and pressure P Control

mass
oQ — PdV = dU T, P
S dU + PdV — Tds =0
A4S = _Q o0 =
T

) ) , A control mass undergoing a
The differential of the Gibbs (G =H —TY) chemical reaction at a specified
fUﬂCtIOﬂ at COﬂStant T and P temperature and pressure_

(dG)yp = dH — TdS — S dT

0 0

el v -
= (dU + PdV + VdP) — TdS — SdT” (dG)rp = 0

=dU + PdV — TdS

A chemical reaction at a specified temperature and pressure will proceed in
the direction of a decreasing Gibbs function. The reaction will stop and
chemical equilibrium will be established when the Gibbs function attains a (dG)rp =0
minimum value. Therefore, the criterion for chemical equilibrium can be
expressed as
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A chemical reaction at a specified
temperature and pressure cannot
proceed in the direction of the
increasing Gibbs function since this will
be a violation of the second law of
thermodynamics.

Notice that if the temperature or the
pressure is changed, the reacting
system will assume a different
equilibrium state, which is the state of
the minimum Gibbs function at the
new temperature or pressure.

s
iG=0 7

f.f'

|

Violation of
second law

l -
100% Equilibrium 100%
reactants composition products

Criteria for chemical equilibrium for a fixed
a specified temperature and pressure.

A
\dG::U dG >0 f:
|
|
|
|
|
|
|
|
|
|
l
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REACTION
CHAMBER
T.P
N, moles of A
Ny moles of B

(dG)T,F = 2 (dG:‘)T,P = 2 (g}f:dNr')T.F =0 N¢moles of C

Np moles of D

dN,A + dNgB ——> dN.C + dNp,D

dN4A + dNgB — dNC + dNp,D

An infinitesimal reaction in a chamber
at constant temperature and pressure.

gcdNe + gp.dNp + g4.dNy + gpdNp =0

H,— 2H
0.1H, — 0.2H
0.01H, — 0.02H
0.001H, — 0.002H

UH?:I

v A + vgB — v-C + vpD

Vg =2

dN;L = _E:I{% dN(_‘_‘ = 81*’(‘_'

ﬂfh"rg = _EIJ'B dND = EVD

The changes in the number of moles of the
components during a chemical reaction are
proportional to the stoichiometric coefficients
regardless of the extent of the reaction.
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For example, if the reactants are C,H; and O, and the products are CO,
and H,0O, the reaction of 1 pmol (10-° mol) of C,H, will result in a 2- umol
increase in CO,, a 3- umol increase in H,0, and a 3.5- pumol decrease in O,
In accordance with the stoichiometric equation.

CH, + 3.50, — 2CO, + 3H,0

That 1s, the change in the number of moles of a component is one-millionth
(e =109) of the stoichiometric coefficient of that component in this case,
canceling &, we obtain;

ve8c t Vp&p — Va&a — vp&p = 0

This equation involves the stoichiometric coefficients and the molar Gibbs functions of
the reactants and the products, and it is known as the criterion for chemical
equilibrium. It is valid for any chemical reaction regardless of the phases involved.

9 Prof. Dr. Ali PINARBASI Chapter 16 CHEMICAL AND PHASE EQUILIBRIUM




THE EQUILIBRIUM CONSTANT FOR IDEAL-GAS MIXTURES

Consider a mixture of ideal gases that exists in equilibrium at a specified temperature and
pressure. Like entropy, the Gibbs function of an ideal gas depends on both the temperature
and the pressure. The Gibbs function values are usually listed versus temperature at a fixed
reference pressure P,, which is taken to be 1 atm. The variation of the Gibbs function of an
ideal gas with pressure at a fixed temperature is determined by using the definition of the
Gibbs function and the entropy-change relation for isothermal processes

G=h—Ts AS = —RyIn (2
1

0 P,
(AZ)r = A= T(AS)r = —T(A%)r = R,TIn -

1

Thus the Gibbs function of component i of an ideal-gas mixture at its partial pressure P;
and mixture temperature T can be expressed as

g:(T P:) = ge‘(T) + RHTIH PF

I”C[EC(T) + RHTIH PC] + I”D[QD(T) + RHTIH PD]
_V%[EJI(T) + RHT In P%] o I”B[‘.QB(T) + R”Tlll PB] =0
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For convenience, we define the standard-state Gibbs function change as

AGH(T) = veg&(T) + vpgp(T) — vagi(T) — vpgy(T)

AG*(T) = —R,T(vcIn Po + vpIn Py — v, In P, — vgln Pg) = —R, T In

(1) In terms of partial pressures

pgc p;D the equilibrium constant K,

Kp= VA p Vs |
Ar PEPy .
Kp=——" K, = ¢ AG*(O/RT
(2) In terms of AG*(T) PPy
—AGXT)/R
Kp= e (T)/R,T N
(3) In terms of the equilibrium Pi=y;P= N P
composition total
i ( - )ﬂ.u o _ NeNg ( p )Au
P -l TWVa AJVpg AT
- N;:A N BU B Ntcnta] J\i” \:};" ‘f\'h'rml

Three equivalent K}, relations for
eacting ideal-gas mixtures

Av =v. + vy, — vy — g

-

11 Prof. Dr. Ali PINARBASI Chapter 16 CHEMICAL AND PHASE EQUILIBRIUM




Example 16-1
Using below equation and the Gibbs function data, determine the equilibrium constant KP for the
dissociation process N2 — 2N at 25°C. Compare your result to the K, value listed in Table A-28.

AGH(T) = ugi(T) — nys ()
= (2)(455510 kJ/kmol) — 0
= 911020 kJ/kmol

011020 kJ /kmol

InK, = —
g (8.314 kJ/kmol - K) (298.15 K)
= —367.5
Kp=2 x 107"

Note that this reaction involves one product (N) and one reactant (N,), and the
stoichiometric coefficients for this reaction are vy= 2 and v, = 1. Also note that the
Gibbs function of all stable elements (such as N,) is assigned a value of zero at the

standard reference state of 25°C and 1 atm. The Gibbs function values at other
temperatures can be calculated from the enthalpy and absolute entropy data by using
the definition of the Gibbs function,

g*(T) = h(T) = Ts*(T), h(T) = hi+ hr — haos
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Example 16-2 . .
Determine the temperature at which 10 percent of lnmiﬂ. Equlhbru_ml
diatomic hydrogen (H,) dissociates into monatomic | “CMPoston S
hydrogen (H) at a pressure of 10 atm. — 10 atm
| kmol H, 0.9H,
0.2H

Stoichiometric:  H, <= 2H  (thus vy = 1 and vy = 2)

Actual: H, —— 09H, + 0.2H
_ |
reactants ]_"I['DdUCIS-
(leftover)
N Va P Vy—Vy, 0.2 2 10 2—1
Kp=—1 ( ) _102) = (.404
NHZ': Niotal 09 \09 + 0.2

From Table A-28, the temperature corresponding to this K, value is

T'=3535K

We conclude that 10 % of H, will dissociate into H when the temperature is raised to

3535 K. If the temperature is increased further, the percentage of H, that dissociates into
H will also increase.
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SOME REMARKS ABOUT THE K, OF IDEAL-6AS MIXTURES

1. The K, of a reaction depends on temperature only. It is independent of the pressure of
the equilibrium mixture and is not affected by the presence of inert gases. This is because
K, depends on AG*(T), which depends on temperature only, and the AG*(T) of inert gases is
zero. Thus, at a specified temperature the following four reactions have the same K, value:

H, + %03 — H,0 | atm
H, + 30, = H,0 5 atm
H, + 50, + 3N, = H,0 + 3N, 3 atm

H, + 20, + 5N, == H,0 + 1.50, + 5N, 2 atm

2. The K, of the reverse reaction is 1/K, For reverse reactions, the products and reactants
switch places, and thus the terms in the numerator move to the denominator and vice
versa. Consequently, the equilibrium constant of the reverse reaction becomes 1/K,.

K, =0.1147 X 10" for H, + 30, = H,0 at 1000 K
K, =8.718 X 1071 for H,0 = H, + 10, at 1000 K
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Equilibrium

3. The larger the K,, the more complete the reaction. Initial composition at
composition 3000 K, 1 atm
H,» 2H 0.921 mol H,

P =1atm (@) | 1 molH, | = 0.158 mol H

T.K Kp % mol H Kp=10.0251

1000 5.17 %< 1071 0.00
2000  2.65 X 10°° 0.16

3000 0.025 14.63
4000 2.545 76.80 0.380 mol H,
5000 4147 9770 1 mol H, i
2 1.240 mol H
6000 267.7 99.63
’ ’ ® 1 moiN, | ™ | mol N,
Kp=0.0251
The larger the K, the more The presence of inert gases does not
complete the reaction. affect the equilibrium constant, but it
does affect the equilibrium composition..

4. The mixture pressure affects the equilibrium composition (although it does not affect
the equilibrium constant K,).

5. The presence of inert gases affects the equilibrium composition (although it does not
affect the equilibrium constant KP).
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6. When the stoichiometric coefficients are doubled, the value of K, is squared.

1 . Pyo
H’} +_02 - H*}O KF — n
- = 1 P P 1
Hy' 0 H—H"+e
PIE-I 0 N Vigt N V,—
: + Ve AV
2H2+02: ZHEO Kpj:,}—: (Kp)g K= H ¢ P
) Pi—l POQ J F NLFH N[mal
- H
7. Free electrons in the equilibrium composition can be where
treated as an ideal gas. Niotal =Ny + Ny + N

AV =vg+ + Vo — Uy

=1+1-1
H=H"+e" L,

Equilibrium-constant relation for
the ionization reaction of hydrogen.

8. Equilibrium calculations provide information on the equilibrium composition of a
reaction, not on the reaction rate.
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Example 16-3 Equilibrium
A mixture of 2 kmol of CO and 3 kmol of O, is heated to 2600 K at Initial composition at
a pressure of 304 kPa. Determine the equilibrium composition, composition | ___ | 2600 K, 304 kPa
assuming the mixture consists of CO,, CO, and O, S AL L mhly
3 kmol O, yCO
70,

Stoichiometric: CO + %Oz = CO, (thus Veo, = 1. Voo = 1. and v, = 1,:)

Actual: 2CO + 30, — xCO, + yCO + zO,
products reactants
(leftover)
C balance: 2=x+y or y=2—x
X
O balance: 8§=2%+y+2z or z=3—7
, X
Total number of moles: Ngag=Xt+y+z=5-— 5
Pressure: P = 304 kPa = 3.0 atm

Assuming ideal-gas behavior for all components, the equilibrium constant relation

W
N CE{I] P Veo,— Voo~ Vo,
Kp=——"2(_"_
T
h total

~ Veo N Vo,
Neg'N 0,
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x = 1.906 y=2—x=0.094 =3 -

1.906CO, + 0.094CO + 2.0740,

In solving this problem, we disregarded the dissociation of O, into O according to the
reaction O, - 20, which is a real possibility at high temperatures. This is because In K,=
7.521 at 2600 K for this reaction, which indicates that the amount of O, that dissociates
into O in this case is negligible.
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Example 16-4 Initial Equilibrium
A mixture of 3 kmol of CO, 2.5 kmol of O,, and 8 kmol of N, is composition composition at
heated to 2600 K at a pressure of 5 atm. Determine the 3kmolCO  |_, 2600 lé {:5} atm
equilibrium composition of the mixture. 25 kmol O, ) COE
8 kmol N, z0,
8 N,

Stoichiometric: CO + %02 — CO, (thus Veo, = 1. Voo = L and vy, = %)

Actual: 3CO + 2.50, + 8N, —> xCO, + yCO + zO, + 8N,
L " o PR S
products reactants inert

(leftover)
C balance: 3=x+y or y=3—x
X
O balance: 8=2x+y+2z or z=25— 5
X
Total number of moles: Noag=X+yv+z+8=135— 5

Assuming ideal-gas behavior for all components, the equilibrium constant relation

v,
N ng ( P ) Vo, —Vico— Vo,
2

K. =
P Vo Vo,
NcoN 0, Niotal
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x = 2.754 y=3—x=0.246

2.754CO, + 0.246CO + 1.1230, + 8N,

Note that the inert gases do not affect the K, value or the K, relation for a reaction,

but they do affect the equilibrium composition.
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CHEMICAL EQUILIBRIUM FOR SIMULTANEOUS REACTIONS

Most practical chemical reactions involve two or more reactions that occur simultaneously,
which makes them more difficult to deal with. In such cases, it becomes necessary to apply
the equilibrium criterion to all possible reactions that may occur in the reaction chamber.
When a chemical species appears in more than one reaction, the application of the
equilibrium criterion, together with the mass balance for each chemical species, results in
a system of simultaneous equations from which the equilibrium composition can be

determined.

The number of K relations needed to determine the equilibrium composition of a
reacting mixture is equal to the number of chemical species minus the number of
elements present in equilibrium.

CDDlpDSItlﬂ'll CO;, CO, 02, (0]

No. of components: 4
No. of elements: 2
No. of K, relations needed: 4-2=2

The number of KP relations needed to determine the
equilibrium composition of a reacting mixture is the difference
between the number of species and the number of elements.
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5r'nek 16-5 . Equilibrium
A mixture of 1 kmol of H,O and 2 kmol of O, is heated to 4000 K mmg‘;;?ﬂm composition at
at a pressure of 1 atm. Determine the equilibrium composition of - 40001% E,:;“m
this mixture assuming that only H,O, OH, O, and H, are present. ) kmolé - v Hi
2 -
Z 02
H,0 + 20, — xH,0 + yH, + z0, + wOH w OH
H balance: 2=2x+2y+w
O balance: S=x+2z+w
H,0 = H, + 30, (reaction 1)

H,0O = iH, + OH (reaction 2)

InKp = —0.542 —> K, = 0.5816
InKp = —0.044 —> Kp = 0.9570

N IlIfII: N E':; P Vi, T Vo, ~ Vo
Kp, = N Vo N
H,0 total
N Vi, N Vou P Vi, +Vou— Va0
K H, /Y OoH
— L
ik N Ho N total

H,0

Nt = Nyo + Ny, + No, * Noy =x +y + 2+ w
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: 1/2 1/2
y)(2)" I /
0.5816 = 0) &) ( )

X X+v+z+w

Y () 1/2 1/2
w)(y)" 1 /
09570 = )i;) ( )

X+ty+z+w

x = 0.271 vy =0.213
= 1.849 w = 1.032

|

0.271H,0 + 0.213H, + 1.8490, + 1.0320H

We could also solve this problem by using the K, relation for the stoichiometric

reaction 0,220 as one of the two equations.
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VARIATION OF K, WITH TEMPERATURE

d(nK,)  AH*(T)  d[AH*(T)] L dIASH(D)]

dT R,T* R,TdT R, dT

d(InK,)  AH*(T)  hg(T)

dT RT>  R,T?

van’t Hoff equation

Reaction: C + 0, — CO,

T.K Kp

20 - T
1000 4.?8><10m | Kp, ;;R( 1 1 )
2000 2.25 X 10 n—— = -
3000 7.80 X 10° Ko RAL T

4000 1.41 X 10°

Exothermic reactions are less complete
at higher temperatures.
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Example 16-6
Estimate the enthalpy of reaction h, for the combustion process of hydrogen H, + 0.50,
— H,0O at 2000 K, using (a) enthalpy data and (b) K data.

(a) The hj of the combustion process of H, at 2000 K is the amount of energy released as 1 kmol of H, is
burned in a steady-flow combustion chamber at a temperature of 2000 K.

hp=2Ni(hg + 1 = 1°), = 2N (hi + h — h°), _
= Nﬂgu(h{i + hagoox — Maos K)HED — NHE(hff + Naocok — Naos K)H2
_NQE(E{]C; + ook — hzqu)Qg
he = (1 kmol H,O)[ (— 241820 + 82593 — 9904) kJ/kmol H,O]
— (1 kmol H,)[ (0 + 61400 — 8468) kJ/kmol H,]
— (0.5 kmol O,)[ (0 + 67881 — 8682) kJ/kmol O,]
= — 251663 kJ/kmol

(b) From K, data | 269 6 ER ( | ] )
_ ] = _
Kp. Iy ( [ I ) ] 18,509 8.314 kJ/kmol - K \ 1800 K 2200 K
In—= = _
Kp, R, \1; T hg = —251,698 k]J/kmol

Despite the large temperature difference between T, and T2 (400 K), the two results are

almost identical.
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PHASE EQUILIBRIUM

We know from experience that a wet T-shirt hanging in an open
area eventually dries, a small amount of water left in a glass
evaporates, and the aftershave in an open bottle quickly

disappears. } vV

There is a driving force between the two phases of a substance \ |
that forces the mass to transform from one phase to another. L”‘%__*/—\/\J_
The magnitude of this force depends, among other things, on ’ ‘
the relative concentrations of the two phases.

A wet T-shirt will dry much quicker in dry air than it would in humid air..
In fact, it will not dry at all if the relative humidity of the environment is 100 percent.

In this case, there will be no transformation from the liquid phase to the vapor phase,
and the two phases will be in phase equilibrium.

The conditions of phase equilibrium will change, however, if the temperature or the
pressure is changed.

Therefore, we examine phase equilibrium at a specified temperature and pressure.
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Phase Equilibrium for a Single-Component System

The equilibrium criterion for two phases of a pure substance such as water is easily
developed by considering a mixture of saturated liquid and saturated vapor in equilibrium
at a specified temperature and pressure. The total Gibbs function of this mixture is

G =myg, +m,g,

(dG)pp = gdm, + g, dm, LpP
S VAPOR
Also from the conservation of mass, dm,=-dm; m,
(dG)rp = (g, — g, )dm, Lo
. : g/, m,
(dG)rp = 0
A liquid—vapor mixture in
which must be equal to zero at . equilibrium at a constant
clel e . e &g
equilibrium. It yields temperature and pressure

The two phases of a pure substance are in equilibrium when each phase has the same
value of specific Gibbs function. Also, at the triple point (the state at which all three phases
coexist in equilibrium), the specific Gibbs function of each one of the three phases is equal.
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What happens if g>g,?

Obviously the two phases will not be in equilibrium at that moment.

Thus, dm; must be negative, which means that some liquid must vaporize
until g;=g,.

Therefore, the Gibbs function difference is the driving force for phase
change, just as the temperature difference is the driving force for heat
transfer

28 Prof. Dr. Ali PINARBASI Chapter 16 CHEMICAL AND PHASE EQUILIBRIUM




Example 16-7

Show that a mixture of saturated liquid water and saturated water vapor at 120°C satisfies the
criterion for phase equilibrium.

Using the definition of Gibbs function together with the
enthalpy and entropy data, we have

g, = hy — Ts; = 503.81 kI/kg — (393.15 K)(1.5279 kI /kg - K)
= —96.9 kI/kg

g, = hy — Ts, = 2706.0 kI /kg — (393.15 K)(7.1292 kJ/kg - K)
= —96.8 kl/ke

The two results are in close agreement. They would match exactly if more accurate

property data were used. Therefore, the criterion for phase equilibrium is satisfied.
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The Phase Rule

Notice that a single-component two-phase system may exist in equilibrium at different
temperatures (or pressures). However, once the temperature is fixed, the system will be
locked into an equilibrium state and all intensive properties of each phase (except their
relative amounts) will be fixed. Therefore, a single-component two-phase system has one
independent property, which may be taken to be the temperature or the pressure.

Multiphase system is given by the Gibbs phase rule,

IY=0C—PH + 2 WATER VAPOR
T
IV : the number of independent variables, 100°C
C :the number of components, 150°C
PH : the number of phases present in equilibrium. 200°C

Example: One independent intensive property needs to be
specified, for the single-component (C =1) two-phase (PH=2) LIQUID WATER
system discussed above, which is (IV =1)

According to the Gibbs phase

Two independent intensive properties need to be specified rule, a single-component, two-

to fix the equilibrium state of a pure substance in a single phas_e sySLEUEE ha‘_’e only
phase one independent variable.
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Phase Equilibrium for a Multicomponent System

Many multiphase systems encountered in practice involve two or more components. A
multicomponent multiphase system at a specified temperature and pressure will be in
phase equilibrium when there is no driving force between the different phases of each
component. Thus, for phase equilibrium, the specific Gibbs function of each component
must be the same in all phases.

T,P
g1 = Lo1 = 8.1 tor component I NH, + H,0 VAPOR
872 = 8o2 = & » forcomponent 2 8f,NH; = 8g,NH;

gj: H>O = gg,Hgﬂ
LIQUID NH; + H,0

++++++++++++++++++

gin = 8o N = &~ forcomponent N

A multicomponent multiphase system is in
phase equilibrium when the specific Gibbs
function of each component is the same in
all phases.
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A two-component, two phase system has two independent variables, and such a system
will not be in equilibrium unless two independent intensive properties are fixed.

94

Example: At 84 K, the mole fractions are
30 % nitrogen and 70 % oxygen in the
liguid phase and 66 % nitrogen and 34 %
oxygen in the vapor phase..

Vin, T Vo, = 0.30 +0.70 = |

i Ve, F Voo, = 0.66 + 0.34 = |

74 I I I I I I I I I
0O 10 20 30 40 50 60 70 80 90 100% O,

100 90 80 70 60 50 40 30 20 10 0% N,

Equilibrium diagram for the two-phase
mixture of oxygen and nitrogen at 0.1 MPa.
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It is interesting to note that temperature is a "f Air
continuous function, but mole fraction (which is
a dimensionless concentration) in general, is not.
Example: The water and air temperatures at the
free surface of a lake, are always the same. The YH,0., gas side (0)
mole fractions of air on the two sides of a water— :—]E:::::___/_:i_::::::
air interface, however, are obviously very _ / N\
different (in fact, the mole fraction of air in water Juml:.' i YH,0. liquid side ~ 1.0
. concentration
is close to zero).
Water

Likewise, the mole fractions of water on the two C :

_ . : oncentration
sides of a water—air interface are also different profile

even when air is saturated. Therefore, when
specitying mcI)Ie flractlon; mr;cw.o-phase ml;](tures, Unlike temperature, the mole fraction
we need to clearly specify the intended phase. of species on the two sides of a liquid—gas

(or solid—gas or solid—liquid) interface are
usually not the same.
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Solubility of two inorganic
compounds in water at various

Many processes involve the absorption of a gas into a

liquid. Most gases are weakly soluble in liquids (such temperatures, in kg (in 100 kg of

as air in water), and for such dilute solutions the mole water)

fractions of a species i in the gas and liquid phases at (from Handbook of Chemistry, McGraw-Hill,
1961)

the interface are observed to be proportional to each

other. That iS, yi,gas sideoc yi,liquid side or Pi,gas sideC>c Pyi,liquid Solute
«iqe Since y= P, /P for ideal-gas mixtures. This is known Calcium
as the Henry’s law and is expressed as Tempera- Salt bicarbonate
ture, K NaCl Ca(HCO3),
273.15 35.7 16.15
P, 280 35.8 16.30
Vi e g = ———— 290 35.9 16.53
i H 300 36.2 16.75
310 36.5 16.98
320 36.9 17.20
330 37.2 17.43
where H is the Henry’s constant, which is the product 340 37.6 17.65
of the total pressure of the gas mixture and the 350 38.2 17.88
proportionality constant. 360 38.8 18.10
370 39.5 18.33
373.15 39.8 18.40
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Gas A

SRRV

Gas: A
Liguid: B

Y4, liquid side

Ya, gas side O Ya, liquid side

or

'E!a. gas side .
P A, liquid side
ar
Fi. pas side — Hy, liquid side

Dissolved gases in a
liquid can be driven
off by heating the
liquid.

We mentioned earlier that the use of Henry’s law is limited to
dilute gas—liquid solutions, that is, liquids with a small
amount of gas dissolved in them.

Then the question that arises naturally is, what do we do
when the gas is highly soluble in the liquid (or solid), such as
ammonia in water? In this case, the linear relationship of
Henry’s law does not apply, and the mole fraction of a gas
dissolved in the liquid (or solid) is usually expressed as a
function of the partial pressure of the gas in the gas phase
and the temperature.

An approximate relation in this case for the mole fractions of
a species on the liquid and gas sides of the interface is given
by Raoult’s law as

2 — - — ] d i
{_.".'_:'.l_n side — .il":'.ghh side Pllrlul — F.-Z.k;ll(r)

A i.liquid side
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Henry's constant H (in bars) for selected gases in water at low to moderate
pressures (for gas i, H = P, 1Y, water sige) (from Mills, Ref. 6, Table A.21,

i,gas side

p. 874)

Solute 290 K 300 K 310K 320 K 330 K 340 K
H-S 440 560 700 830 980 1140
CO, 1,280 1,710 2,170 2,720 3,220 —
0, 38,000 45,000 52,000 57,000 61,000 65,000
H 67,000 72,000 75,000 76,000 77,000 76,000
CcO 51,000 60,000 67,000 74,000 80,000 84,000
Air 62,000 74,000 84,000 92,000 99,000 104,000
N, 76,000 89,000 101,000 110,000 118,000 124,000

From this table and Henry equation above we make the following observations:

The concentration of a gas dissolved in a liquid is inversely proportional to the Henry’s
constant. Therefore, the larger the Henry’s constant, the smaller the concentration of
dissolved gases in the liquid.

The Henry’s constant increases with increasing temperature. Therefore, the dissolved

gases in a liquid can be driven off by heating the liquid.

The concentration of a gas dissolved in a liquid is proportional to the partial pressure of
the gas. Therefore, the amount of gas dissolved in a liquid can be increased by increasing
the pressure of the gas. This can be used to advantage in the carbonation of soft drinks
with CO, gas.
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Example 16-8

Determine the mole fraction of the water vapor at the surface of a lake whose temperature is 15°C,
and compare it to the mole fraction of water in the lake. Take the atmospheric pressure at lake level

to be 92 kPa.

Air
P, = P. @i15c = 1.7057 kPa 92 kPa
P, | 7057 kPa . . Saturated air
Vy = = = 0.0185 or 1.85 percent VH,0, air side = 0.0185

P 92 kPa Ve

___________ =i

YH,0, liquid side = 1-0

Twater.]iquid site = 1.0 or 100 I}ETCE'HT Lake

Note that the concentration of water on a molar basis is 100 % just beneath the air—water
interface and less than 2 % just above it even though the air is assumed to be saturated

(so this is the highest value at 15°C). Therefore, large discontinuities can occur in the
concentrations of a species across phase boundaries.
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Example 16-9

Determine the mole fraction of air at the surface of a lake whose temperature is 17°C. Take the
atmospheric pressure at lake level to be 92 kPa

Air
p —p — 1.96 kPa Saturated air Picy air. oas side
v — Tsat@17°c — 1.J0 KF¥ T
Lake }]dr}f air, liquid side

17°C

Puyar = P — P, = 92 — 1.96 = 90.04 kPa = 0.9004 bar

Pdr}-' air,gas side 0.9004 bar _ _=
Vdry airliquid side — T = 62000 bar =145 X 10~

This value is very small, as expected. Therefore, the concentration of air in water just
below the air—water interface is 1.45 moles per 100,000 moles. But obviously this is

enough oxygen for fish and other creatures in the lake. Note that the amount of air
dissolved in water will decrease with increasing depth unless phase equilibrium exists
throughout the entire lake.
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* Develop the general relations for the thermodynamics of high-speed gas flow.

e Introduce the concepts of stagnation state, velocity of sound, and Mach number for a
compressible fluid.

e Develop the relationships between the static and stagnation fluid properties for isentropic
flows of ideal gases.

e Derive the relationships between the static and stagnation fluid properties as functions of
specific-heat ratios and Mach number.

e Derive the effects of area changes for one-dimensional isentropic subsonic and
supersonic flows.

e Solve problems of isentropic flow through converging and converging—diverging nozzles.

e Develop the concept of the normal shock wave and the variation of flow properties across
the shock wave.

e Develop the concept of duct flow with heat transfer and negligible friction known as
Rayleigh flow.
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STAGNATION PROPERTIES

When analyzing control volumes, we find it very
convenient to combine the internal energy and the
flow energy of a fluid into a single term, enthalpy,
defined per unit mass as h= u+P/p.

Whenever the kinetic and potential energies of the
fluid are negligible, as is often the case, the
enthalpy represents the total energy of a fluid.

For high-speed flows, such as those encountered in
jet engines, the potential energy of the fluid is still
negligible, but the kinetic energy is not. In such
cases, it is convenient to combine the enthalpy and
the kinetic energy of the fluid into a single

FAM COMPRESSDRS TURBINES
b’ -

term called stagnation (or total) enthalpy h,,
defined per unit mass as

:I-:!I-I.ALIE:I‘I' HWOZILE

I
COMBUSTION CHAMEER

V2 f : : . :

ho = h + — (kakﬂ_‘) Aircraft and Je’F eng_;mes involve high speeds,
2 - and thus the kinetic energy term should

always be considered when analyzing them.
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When the potential energy of the fluid is negligible, the stagnation enthalpy represents
the total energy of a flowing fluid stream per unit mass. Thus it simplifies the
thermodynamic analysis of high-speed flows.

Throughout this chapter the ordinary enthalpy h is referred to as the static enthalpy,
whenever necessary, to distinguish it from the stagnation enthalpy. Notice that the
stagnation enthalpy is a combination property of a fluid, just like the static enthalpy,
and these two enthalpies become identical when the kinetic energy of the fluid is
negligible.

Consider the steady flow of a fluid through a duct such as a nozzle, diffuser, or some
other flow passage where the flow takes place adiabatically and with no shaft or
electrical work. Assuming the fluid experiences little or no change in its elevation and
its potential energy, the energy balance relation (Ein= E_ ) for this single-stream
steady-flow system reduces to

out

h1—|—7:h3—|—_“ hoy = ho,
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— in the absence of any heat and work interactions and any
v, Control v changes in potential energy, the stagnation enthalpy of a
volume MEY M fluid remains constant during a steady-flow process.

—_—— =
¥

Flows through nozzles and diffusers usually satisfy

these conditions, and any increase in fluid velocity in
Steady flow of a fluid these devices creates an equivalent decrease in the static
through an adiabatic duct. enthalpy of the fluid.

If the fluid were brought to a complete stop, then the
velocity at state 2 would be zero and equation become

-

h]_i_?]:hz:hﬂz
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Thus the stagnation enthalpy represents the enthalpy of a fluid when it is brought to
rest adiabatically.

During a stagnation process, the kinetic energy of a fluid is converted to enthalpy (internal
energy+flow energy), which results in an increase in the fluid temperature and pressure.

The properties of a fluid at the stagnation state are called stagnation properties
(stagnation temperature, stagnation pressure, stagnation density, etc.).

The stagnation state and the stagnation properties are indicated by the subscript O.

The stagnation state is called the isentropic stagnation state when the stagnation process
is reversible as well as adiabatic (i.e., isentropic).

7 Prof. Dr. Ali PINARBASI Chapter 17: COMPRESSIBLE FLOW




gas) is the same for both cases.

result of fluid friction.

properties.

Notice that the stagnation enthalpy of the fluid
(and the stagnation temperature if the fluid is an ideal

However, the actual stagnation pressure is lower
than the isentropic stagnation pressure since entropy
increases during the actual stagnation process as a

The stagnation processes are often approximated
to be isentropic, and the isentropic stagnation ,
properties are simply referred to as stagnation - !

[sentropic RO &
stagnation
state

hop——5--—=

Actual
stagnation
state

. N0 S
THERE GOES
ms HIWETIC
EuEnr..v MGAIMNS!
3y “'-.

Kinetic energy is converted to enthalpy
during a stagnation process.

hl——

Actual state

Lay

The actual state, actual stagnation state, and
isentropic stagnation state of a fluid on an h-s
diagram.
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When the fluid is approximated as an ideal gas with constant specific heats, its enthalpy
can be replaced by c,T.

V2 V-
LT — I, =T+
{pT{] = {FT—i_ T 0 j.;‘;}

Temperature 9

rise during
Here T, is called the stagnation (or total) temperature, and stagnation
it represents the temperature an ideal gas attains when it —"
is brought to rest adiabatically. The term V2/ 2c, — 305K
corresponds to the temperature rise during such a process — 300 K
and is called the dynamic temperature. AR

— 100 m/s

For example, the dynamic temperature of air flowing at — jr
100 m/s is .

(100 m/s)?/(2 x1.005 kJ/kg - K) = 5.0 K.

, _ The temperature of an ideal gas
Therefore, when air at 300 K and 100 m/s is brought to rest | fo\ing at a velocity V rises by V2/2¢
p

adiabatically (at the tip of a temperature probe), its when it is brought to a complete
temperature rises to the stagnation value of 305 K. stop
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Note that for low-speed flows, the stagnation and static (or ordinary) temperatures are
practically the same.

But for high-speed flows, the temperature measured by a stationary probe placed in the

fluid (the stagnation temperature) may be significantly higher than the static temperature
of the fluid.

The pressure a fluid attains when brought to rest isentropically is called the stagnation
pressure P,. For ideal gases with constant specific heats, P, is related to the static pressure

of the fluid by
B ()
P \T

By noting that p=1/v and using the isentropic relation Pv¥= P_v k, the ratio of the
stagnation density to static density can be expressed as,

L f(k—1
oo ()
p T
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When stagnation enthalpies are used, there is no need to refer explicitly to kinetic
energy. Then the energy balance for a single-stream, steady-flow device can be
expressed as

{in + Wi+ (hﬂl - J‘a}:]) = Yout T Woui + (hﬂi i J'c_:":.g)

where h,y;, and hg, are the stagnation enthalpies at states 1 and 2, respectively.
When the fluid is an ideal gas with constant specific heats,

where Ty, and T, are the stagnation temperatures.

Notice that kinetic energy terms do not explicitly appear in Eqs. 17-7 and 17-8, but the
stagnation enthalpy terms account for their contribution.
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Examp|e 17-1 Diffuser Compressor
An aircraft is flying at a cruising speed of 250 m/s at an altitude \ /

of 5000 m where the atmospheric pressure is 54.05 kPaand 7,=2557K
the ambient air temperature is 255.7 K. The ambient air is first p _ 5405 kp.
decelerated in a diffuser before it enters the compressor. V, =250 m/s |
Assuming both the diffuser and the compressor to be |
isentropic, determine (a) the stagnation pressure at the |
compressor inlet and (b) the required compressor work per unit i o1 0
mass if the stagnation pressure ratio of the compressor is 8.

Aircraft
engine

The constant-pressure specific heat ¢, and the specific

heat ratio k of air at room temperature are ¢, = 1.005kl/kg-K ve k=14

(a) izantropik akis kosullarinda, kompresor girisinde (veya yayici cikisinda) durma sicakligi ve basinci,

Vi (250 m/s)* | kl/kg
T, =T, +—-=2557K + =
2c, (2)(1.005 kJ/kg - K) \ 1000 m*/s*

286.8 K

( TDI )k;’l[k— 1) ( 2868 K ) 1.4/(1.4—1)
P, =P (-2 = (54.05 kPa)| ———
WS ( N\ 2557k

= 80.77 kPa
Hava 250 m/s hizdan sifir hiza yavaslarken sicakligi 31.1°C, basinci da 26.72 kPa artar. Havanin

sicaklik ve basincindaki bu artislar kinetik enerjinin entalpiye déonisiminden kaynaklanmaktadir.
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(b) To determine the compressor work, we need to know the stagnation temperature of air at the
compressor exit T,.

Win = [.'ap(?-lérl - Tllrjl)
= (1.005 kJ/kg-K)(519.5 K — 286.8 K)
= 233.9 kJ/kg

Thus the work supplied to the compressor is 233.9 kJ/kg.

Notice that using stagnation properties automatically accounts
for any changes in the kinetic energy of a fluid stream.
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SPEED OF SOUND AND MACH NUMBER

. Moving
An important parameter in the study of compressible Piston wave front
flow is the speed of sound (or the sonic speed), which
is the speed at which an infinitesimally small pressure / 1+ dh
wave travels through a medium. —{ EE P+drP |, " Stationary
s fluid
The pressure wave may be caused by a small
disturbance, which creates a slight rise in local
pressure. V4
dv

The wave front moves to the right through the fluid at 0 1
the speed of sound ¢ and separates the moving fluid PA
adjacent to the piston from the fluid still at rest.
The fluid to the left of the wave front experiences an P+dpP
incremental change in its thermodynamic properties, P
while the fluid on the right of the wave front X
maintains its original thermodynamic properties

8 Y Prop Propagation of a small pressure

wave along a duct.
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Control volume
traveling with
the wave front

\

P+dP =~ <

p+dp :

—

i

h+ dh C—dV: l
|

I

~ilf—

Control volume moving with the small
pressure wave along a duct.

dh — cdV =0

pAc = (p + dp)A(c — dV)

C
h‘f‘;zh‘i—dﬁ!—f‘

"”right — Mgy

dP
dh — —

P

cdp — pdV =20

(c — dV)?

= — at s = constant

EJP) 5
— ¢

When the fluid is an

ideal gas (P=pRT),

(

dP

dp

1 pRT
_ ;{f (Q )
dp

15 Prof. Dr. Ali PINARBASI Chapter 17: COMPRESSIBLE FLOW

} = KRT
T




A second important parameter in the analysis of compressible fluid flow is the
, hamed after the Austrian physicist Ernst Mach (1838-1916).

, It is the ratio of the actual velocity of the fluid (or an object in
still air) to the speed of sound in the same fluid at the same state:

When M =1 AIR HELIUM
When M < 1
o gl
When M> 1 m 200 K
Winen V== 4 \
s
AR T V=320 Co e D 300K o
00 K e I B :
= 7P Ma=1.13 G
Al "
1861 m/s
634 m/s
AIR
G
The Mach number can be different at different The speed of sound changes with
temperatures even if the velocity is the same. temperature and varies with the fluid.
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Example 17-2

Air enters a diffuser with a velocity of 200 m/s. Determine (a) the

|

|

|

speed of sound and (b) the Mach number at the diffuser inlet AIR :
when the air temperature is 30C. V=200m/s | Diffuser :
T =30°C — |

(a) The speed of sound in air at 30C is determined from J

1000 m?/s*
| KJ/ke

N

(b) Then the Mach number becomes

¢ = VKRT = /| (1.4)(0.287 kJ/kg - K) (303 K)( ) = 349 m/s

Vv 200 m/s
Ma=—= —/ = (.573
¢ 349 m/s

The flow at the diffuser inlet is subsonic since Ma 1.
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ONE-DIMENSIONAL ISENTROPIC FLOW

During fluid flow through many devices such as nozzles, diffusers, and turbine blade
passages, flow quantities vary primarily in the flow direction only, and the flow can be
approximated as one-dimensional isentropic flow with good accuracy.

Therefore, it merits special consideration. Before presenting a formal discussion of one-
dimensional isentropic flow, we illustrate some important aspects of it with an example.
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Example 17-3

Carbon dioxide flows steadily through a varying cross-sectional-

area duct such as a nozzle at a mass flow rate of 3 kg/s. The

carbon dioxide enters the duct at a pressure of 1400 kPa and Stagnation
200C with a low velocity, and it expands in the nozzle to a pressure region: M= —p
of 200 kPa. The duct is designed so that the flow can be 200°C
approximated as isentropic. Determine the density, velocity, flow CO,
area, and Mach number at each location along the duct that
corresponds to a pressure drop of 200 kPa.

T, = T, = 200°C = 473 K

T:Tﬂ(

Po

1400 kPa  3.00 kg/s

P, = P, = 1400 kPa

P (k—1)/k 1200 kP: (1.289—1)/1.289
) = (473 K) : = 457 K

1400 kPa

V="V2,(T, - T)

p:

\

I, | 1000 m?/s’
[2(0.846 kI/kg - K) (473 K — 457 K)

| kI/ke

164.5 m/s

P

1200 kPa

RT

= 13.9 ke/m’
(0.1889 kPa - m*/kg - K) (457 K) g/

19

Prof. Dr. Ali PINARBASI Chapter 17: COMPRESSIBLE FLOW




F};’! 3 l\g/h" —4 . 7
A= = = 13.1 X 10 "m~ = 13.1 cm”

pV (139 kg/m?)(164.5 m/s)

1000 m?/s?
[ kl/kg

¢ = VART = [ (1.289)(0.1889 kJ/kg - K)(457 K)( ) = 333.6 m/s

V1645 m/s

Ma = — =

= _ = 0.493
¢ 333.6m/s

Note that as the pressure decreases, the temperature and speed of sound
decrease while the fluid velocity and Mach number increase in the flow direction.

The density decreases slowly at first and rapidly later as the fluid velocity
increases.
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Variation of fluid properties in flow direction in duct described in
Example 17-3 for m = 3 kg/s = constant

P, kPa T, K V, m/s p, kg/m?3 c, m/s A, cm? Ma
1400 473 0 15.7 3394 oo 0
1200 457 164.5 13.9 333.6 131 0.493
1000 439 240.7 12.1 326.9 10.3 0.736
800 417 306.6 10.1 318.8 9.64 0.962
767* 413 317.2 9.82 317.2 9.63 1.000
600 391 371.4 8.12 308.7 10.0 1.203
400 357 441.9 5.93 295.0 115 1.498
200 306 530.9 3.46 272.9 16:3 1.946

The flow area decreases with decreasing pressure up to a critical-pressure value where
the Mach number is unity, and then it begins to increase with further reductions in
pressure.

The Mach number is unity at the location of smallest flow area, called the throat . Note
that the velocity of the fluid keeps increasing after passing the throat although the flow

area increases rapidly in that region. This increase in velocity past the throat is due to the
rapid decrease in the fluid density.

The flow area of the duct considered in this example first decreases and then increases.
Such ducts are called converging—diverging nozzles.
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| | | | | |
o _
\
\
_"l. Flow direction B
1 A >
. \
~ \
< LN r -
= 3 p
< N ’ 7
- h ™ o - - ]
Ma T~ = -
L ‘i',f -
| | | | | |
1400 1200 1000 800 600 400 200
P, kPa

Variation of normalized fluid properties and cross-sectional area
along a duct as the pressure drops from 1400 to 200 kPa.
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Variation of Fluid Velocity with Flow Area

m = pAV = constant dp i dA i av ~ 0
P A vV
Throat
dP
Fluid — — +VdvV =20
p
Converging nozzle
el dA dP{ 1 dp
Throat A p \ V> dP
Fluid —
dA dP ,
/_\ = — (1 — Ma”)
\ | A pV -
Converging—diverging nozzle

The cross section of a nozzle at Py

. (f:4 {fif -y
the smallest flow area is called — = ——(1 — Ma?)
the throat. A V
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CONSERVATION OF ENERGY
(steady flow, w =0, g =0, Ape =0)

Vi Vi
ht+—-=h+-=

) o)

: dA
For subsonic flow (Ma < 1), v <0
or 2
dA h + —— = constant
For supersonic flow (Ma > 1), — >0 -
dv Differentiate,

A dh+V dV =0

=0
dv

For sonic flow (Ma = 1), Also,

O (1sentropic)
Tds"= dh — v dP
dh = vdP =2 dp

Substitute,

%D+VJV:U

Derivation of the differential form of the energy equation
for steady isentropic flow.
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Thus the proper shape of a nozzle depends on the highest
velocity desired relative to the sonic velocity. To accelerate a
fluid, we must use a converging nozzle at subsonic velocities
and a diverging nozzle at supersonic velocities.

i MaA=l

I (sonic)

The velocities encountered in most familiar applications are
well below the sonic velocity, and thus it is natural that we
visualize a nozzle as a converging duct.

However, the highest velocity we can achieve by a
converging nozzle is the sonic velocity, which occurs at the
exit of the nozzle.

Attachment

Yakinsak bir lileye yakinsak bir
bolim ekleyerek sesusti hizlar
elde edilemez. Bu islem sadece ses
hizina ulasilan bélima akis yonine

Now the sonic velocity will occur at the exit of the converging
extension, instead of the exit of the original nozzle, and the dogru dteler ve kiitlesel debiyi
mass flow rate through the nozzle will decrease because of disurar.

the reduced exit area.
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P decreases
V increases

e i Ma<l1
»|  Maincreases
' T decreases
p decreases

Subsonic nozzle
(a) Subsonic flow

P decreases

Ma > | Vincreases Ma > 1
T decreases

p decreases

Supersonic nozzle

(b) Supersonic flow

P increases
V decreases
Ma decreases
T increases
p increases

Subsonic diffuser

P increases
V decreases
T increases

p increases

Supersonic diffuser

The opposite process occurs in the engine inlet of a supersonic aircraft. The fluid is
decelerated by passing it first through a supersonic diffuser, which has a flow area that
decreases in the flow direction. Ideally, the flow reaches a Mach number of unity at

the diffuser throat. The fluid is further decelerated in a subsonic diffuser, which has a

flow area that increases in the flow direction.
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Property Relations for Isentropic Flow of Ideal Gases

VZ

VZ
2¢, T

V2 k—1\V?
2¢,T  2[kR/(k — 1)]T ( 2 )c

Po k — 1 S [V/ED
— =1+ — Ma~
f.:] 2

The properties of a fluid at a location where
the Mach number is unity (the throat) are
called critical properties.

'l'-':: 2 IJ::: 1 \ k/(k—1)
Py (A + | )

T, &+ |

27

/)::‘.

FPo

T P, p"
(Ma, = 1)

When Ma,=1, the properties at the
nozzle throat become the critical
properties.

=
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The critical-pressure, critical-temperature, and critical-density ratios for
isentropic flow of some ideal gases

Superheated Hot products Monatomic
steam, of combustion, Air, gases,
k=1.3 k= 1.33 k=1.4 k= 1.667
P:lc
N 0.5457 0.5404 0.5283 0.4871
0
T:i:
7 0.8696 0.8584 0.8333 0.7499
o
#
P 0.6276 0.6295 0.6340 0.6495
Po

28
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Example 17-4

Calculate the critical pressure and temperature of
carbon dioxide for the flow conditions described in P =14 MPa
Example 17-3. .

-
T{J =473 K

- 2 2
T, k+1 128 +1

p 9 k/(k—1) ) 1.289/(1.289—1)
o - = 0.5477
P, (k+l) (1;2894-1)

8737T, = (0.8737)(473K) = 413K
5477P, = (0.5477) (1400 kPa) = 767 kPa

0.8737

Property values other than these at the throat would indicate that the flow is

not critical, and the Mach number is not unity.
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ISENTROPIC FLOW THROUGH NOZZLES

Converging or converging—diverging nozzles are found in many engineering applications
including steam and gas turbines, aircraft and spacecraft propulsion systems, and even
industrial blasting nozzles and torch nozzles.

Converging Nozzles

The nozzle inlet is attached to a reservoir at pressure P, and temperature T,. The reservoir
is sufficiently large so that the nozzle inlet velocity is negligible.

Since the fluid velocity in the reservoir is zero and the flow through the nozzle is

approximated as isentropic, the stagnation pressure and stagnation temperature of the
fluid at any cross section through the nozzle are equal to the reservoir pressure and
temperature, respectively.
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= pAV = (Ma\V/KRT) = PAMa | —
m=p (RT) ‘ "V RT

AMaP, \m

[1 4 (k — 1)Ma?/2]6* /261

M max = A¥

—

|k y o\ k2= 1)]
Py | -
' \ R?:}<k + 1 )
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)

f s

Reservoir : N
Pr = P'D

T.=T, T E === P

V. =0 =
r pressure)
PIP, } |
1 P = F,
P, > P*
|
P* 3 p = ps
b
Plj . 4
Lowest exit P, < P*
pressure
s P,=0
0 X

The effect of back pressure on
the pressure distribution along
a converging nozzle.
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b {P’ﬁ.r for P, = P*
© lpx forP, < P*

A relation for the variation of flow area A through

the nozzle relative to throat area A* can be P)
obtained Py
A 2 k— | (ke 1)/[20e—1)]
— = {( )(] + N’laF)]
A Mal \ kK + 1 2 y
|
|
|
| .
0 P 10 P,
0 Py

The effect of back pressure P, on
the mass flow rate m and the exit
pressure P, of a converging nozzle.
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An increase in P, (or a decrease in T,) will increase the mass flow rate through the
converging nozzle;
a decrease in P, (or an increase in T,) will decrease it.

"—Mﬂle H—MEI{I_ﬂ

H:E &

Increase in Pﬂ,

decrease in Tﬂ,
or both

Decrease in Pﬂ,

increase in TU,
or both

|
|
|
|
|
|
|
|
|
|
|
Py T, I
|
|
|
|
|
|
|
|
|

v

P* 1.0 P

P, 5
0 Pu

-

The variation of the mass flow rate through a nozzle with inlet stagnation properties.
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Another parameter sometimes used in the analysis of 1-D isentropic flow of ideal gases is
Ma™*, which is the ratio of the local velocity to the speed of sound at the throat:

vV : ac aV T
Ma* = -2 Mat = < = M MaAVIRE -2
cr C C* c* \V kRT* \' T
f kAt
Ma* = Ma, | .
N 2+ (k— 1)Ma?

s * —
Ma Ma b T

090 09146 1.0089 0.5913
1.00  1.0000 1.0000 0.5283
1.10 1.0812 1.0079 0.4684

Various property ratios for isentropic flow through
nozzles and diffusers for k 1.4 for convenience.
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Example 17-5

Air at 1 MPa and 600C enters a converging nozzle, with a
velocity of 150 m/s. Determine the mass flow rate through the
nozzle for a nozzle throat area of 50 cm? when the back
pressure is (a) 0.7 Mpa and (b) 0.4 MPa..

AIR
P.=1MPa

T: =600°C
VI. =150 m/s

I "
.. Converging
JI nozzle

VZ

i

| kI/kg

T, =T, + =373 K +
2C

] 2(1.005 kl/kg - K)

873 K

(150 m/s)? (

1000 m*/s”

>:884K

T kj(k—1) 884 K \ 14M14-1)
Py = Pf(—) = (1 Mpa)( ) = 1.045 MPa

I;
Tﬂ = Tﬂf = 884 K

from Table 17-2

(a) The back pressure ratio for this case is

Ve

P*J"JPﬂ:

P, 0.7 MPa
= = 0.670
P, 1.045 MPa

Py = Py = 1.045 MPa

0.5283

T, = 0.8927; = 0.892(884 K) = 7885 K
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P, 700 kPa 3.093 ke/m’
- = = 3.09: m
P RT,  (0.287 kPa-m’/kg - K)(788.5 K) .

V. = Ma,c, = Ma,V kRT,

1000 m*/s” )

I,."'Ill(l.4)(0.28? kJ/kg - K)(788.5 K)( e

\

= 4379 m/s
m = p,A,V, = (3.093 kg/m?) (50 X 107* m?)(437.9 m/s) = 6.77 kg/s

= (0.778)

(b) The back pressure ratio for the case of 0.4 Mpa P,  04MPa -
[k ( 2 ){Hlmztk—w] P, 1O45MPa
f’i’:.'_ — Aii’:P |'II
N RT,\ k + 1
/ 1.4 2 2.4/0.8
= (50 X 10™* m?)(1045 kPa) X . | ( )
\ (0.287 kI /kg - K)(884 K) \1.4 + 1

= 7.10 kg/s
This is the maximum mass flow rate through the nozzle for the specified inlet

conditions and nozzle throat area.

36 Prof. Dr. Ali PINARBASI Chapter 17: COMPRESSIBLE FLOW




Example 17-6 T, =400 K

Nitrogen enters a duct with varying flow area at T,=400 K, P, =100 kPa P.
P,=100 kPa, and Ma,=0.3. Assuming steady isentropic flow, Ma, = 0.3 th"z
determine T,, P,, and Ma, at a location where the flow area A, Ay =0.84,

has been reduced by 20 %.

For isentropic flow through a duct, the area ratio A/A* (the flow area over the area of the
throat where Ma=1). At the initial Mach number of Ma=0.3, we read

P
— = 2.0351 — = 0.9823 P_] = 0.9395

T, P,
— = 0.9701 ? = 0.8993 Ma, = 0.391
0

T, T)T T,/T, 0.9701
: L T:'TL(Z/D):(%UK)( >:395K

oy

T, T,/T, ’ T,/ T, 0.9823

P, P,/P P,/P 0.8993

I 2/ Po — P, = P]( 2/ ﬂ) = (100 kPu)( ) = 95.7 kPa
P, PP, P,/P, 0.9395

Note that the temperature and pressure drop as the fluid accelerates in a converging nozzle.
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Converging-Diverging Nozzles

When we think of nozzles, we ordinarily think of flow passages whose cross-sectional
area decreases in the flow direction.

However, the highest velocity to which a fluid can be accelerated in a converging nozzle is
limited to the sonic velocity (Ma = 1), which occurs at the exit plane (throat) of the nozzle.
Accelerating a fluid to supersonic velocities (Ma>1) can be accomplished only by
attaching a diverging flow section to the subsonic nozzle at the throat.

YANMA ODASI

kit
Chksitleyici Yak

OO

Converging—diverging nozzles are commonly used in rocket
engines to provide high thrust.
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1. When P,>P,>P,, the flow remains subsonic
throughout the nozzle, and the mass flow is less
than that for choked flow. The fluid velocity
increases in the first (converging) section and
reaches a maximum at the throat (but Ma < 1).
However, most of the gain in velocity is lost

in the second (diverging) section of the nozzle,
which acts as a diffuser.

The pressure decreases in the converging
section, reaches a minimum at the throat, and
increases at the expense of velocity in the
diverging section.

2. When P, =P, the throat pressure becomes P*
and the fluid achieves sonic velocity at the
throat. But the diverging section of the nozzle
still acts as a diffuser, slowing the fluid to
subsonic velocities. The mass flow rate that was
increasing with decreasing P, also reaches its
maximum value.

5
A p
PEI Fa Subsonic ow
P lat nozzle exit
(no shock)
| Fe _
I fal p Subszonic Now
a2 ) o pat nozzle exit
| 'H_F._-JI (shock in nozzle)
Sonic flow } -:- Py
at throat | | | Supersonic flow
| ; - | [ hat nozzle exit
: in nozzle e ‘._-.I (no shock in nozzle)
ﬂ 1 1 L]
Inlet Throat Exit X
I
Ma s I Shock G I
| innozzle ¢ F
Sonic flow | : Supersonic flow
at throat : | | rat nozzle e.xit
I I : (no shock in nozzle)
|
IF———————————— b——— N
| I3 | Subsonic I1<*f-1.=.
| —= ] at nozzle exit
: ¢! | (shock in nozzle)
: Subsonic flow
: B| |} at norzle exit
0 I A J (no shock)
Inlet Throat Exit I
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3. When P.> P, > P,, the fluid that achieved a sonic
velocity at the throat continues accelerating to
supersonic velocities in the diverging section as the
pressure decreases.

This acceleration comes to a sudden stop, however,
as a normal shock develops at a section between
the throat and the exit plane, which causes a
sudden drop in velocity to subsonic levels and a
sudden increase in pressure.

The normal shock moves downstream away from
the throat as P, is decreased, and it approaches the
nozzle exit plane as P, approaches P;.

When P, = P, the normal shock forms at the exit
plane of the nozzle. The flow is supersonic through
the entire diverging section in this case, and it can
be approximated as isentropic.

However, the fluid velocity drops to subsonic levels
just before leaving the nozzle as it crosses the
normal shock.

5
Al p
PEI Fa Subsonic ow
P lat nozzle exit
(no shock)
| Fe _
I fal p Subszonic Now
a2 ) o pat nozzle exit
| 'ffﬂ_-JI (shock in nozzle)
Sonic flow } -:- Py
at throat | | | Supersonic flow
| ; - | [ hat nozzle exit
: in nozzle e ‘._-.I (no shock in nozzle)
ﬂ 1 1 L]
Inlet Throat Exit X
I
Ma s I Shock G I
| innozzle ¢ F
Sonic flow | : Supersonic flow
at throat : | | rat nozzle e.xit
I I : (no shock in nozzle)
|
IF———————————— b——— N
| I3 | Subsonic I1<*f-1.=.
| —= ] at nozzle exit
: ¢! | (shock in nozzle)
: Subsonic flow
: B| |} at norzle exit
0 I A J (no shock)
Inlet Throat Exit I
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|
Sonic flow }
at throat |
I

|

Subsonic flow

g {atnozzle exit

(no shock)

Subsonic flow

o pat nozzle exit

(shock in nozzle)

Supersonic flow
at nozzle exit
(n shock in nozzle)

Inlet
Ma

Sonic flow l
at throat |
|
|

0 '

A

|

X

Supersonic flow
at nozzle exit
{no shock in nozzle)

Subsonic flow

al nozzle exit
(shock in nozzle)
Subsonic flow

at noEzle axit
(no shock)

Inlet Throat

Exit

I

4. When P. > P,> 0, the flow in the diverging
section is supersonic, and the fluid expands to PF
at the nozzle exit with no normal shock forming
within the nozzle. Thus, the flow through the
nozzle can be approximated as isentropic.

When P,=P., no shocks occur within or outside
the nozzle. When P, < P, irreversible mixing and
expansion waves occur downstream of the exit
plane of the nozzle.

When P,> P, however, the pressure of the fluid
increases from P, to P, irreversibly in the wake of
the nozzle exit, creating what are called oblique
shocks.
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Example 17-7 Ty =800 K
Air enters a converging—diverging nozzle, at 1.0 Mpa and 800 K P, = 1.0 MPa
with a negligible velocity. The flow is steady, one-dimensional, o \

and isentropic with k= 1.4. For an exit Mach number of Ma= 2
and a throat area of 20 cm?, determine (a) the throat conditions,

=20 em2
(b) the exit plane conditions, including the exit area, and (c) the A,=20¢
mass flow rate through the nozzle.
P, 1000 kPa ;
Po = = = 4.355 kg/m

RT,  (0.287 kPa-m?/kg - K) (800 K)

(a) At the throat of the nozzle Ma 1,

P;;; - T:Ef: - p:E: _
— = (0.5283 = (.8333 — = (0.6339
. Ty Po

P* = 0.5283P, = (0.5283)(1.0 MPa) = 0.5283 MPa
T* = 0.83337, = (0.8333)(800 K) = 666.6 K
p* = 0.6339p, = (0.6339)(4.355 kg/m’) = 2.761 kg/m’

| - 1000 m%/s*\  _ cim e,
1.4)(0.287 kI /kg - K) (666.6 K) = 517.5 m/s

V::: — i = ‘\/m — I,'III
: V { | KJ/ke
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(b) Since the flow is isentropic, the properties at the exit plane can also be calculated by using data

PE’ j—;’ — . !OE’ e AE’
— =0.1278 — =0.,5556 — =0.2300 Ma; = 1.6330 — = 1.6875
PD TG pﬂ. A'i‘

P, = 0.1278P, = (0.1278)(10 MPa) = 0.1278 MPa

0
T, = 0.5556T, = (0.5556) (800 K) = 444.5 K
(0.2300)(4.355 kg/m’) = 1.002 kg/m"’
A, = 1.6875A* = (1.6875)(20 cm?) = 33.75 cm’

=
I
<
-2
"
-
o
=)
o
I

V, = Ma,*c* = (1.6330)(517.5 m/s) = 845.1 m/s

1000 m?/s )
| kJ/ke

V, = Ma,c, = Ma, \VkRT, = z\l,.-"' (1.4)(0.287 kI /kg - K) (444.5 K)(

= 845.2 m/s

(c) Since the flow is steady, the mass flow rate of the fluid is the same at all sections of the nozzle.

m = p*A*V* = (2.761 kg/m?) (20 X 107* m?)(517.5 m/s) = 2.86 kg/s

Note that this is the highest possible mass flow rate that can flow through this nozzle for

the specified inlet conditions.
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SHOCK WAVES AND EXPANSION WAVES

The flow process through the shock wave is highly irreversible and cannot be approximated
as being isentropic.

Normal Shocks Conservation of mass: pi AV, = pAV,
Control pV, = p,V,
volume ; 5
7 + Vi V2
v, | A Conservation of energy: h, + = hy + —-
p, | | P, . =
Mﬂ] > ] k] I| | hg M:]z ':: l th — hgz
— L) —
Flow p i p
5: nﬁ r' . Conservation of momentum: A(P; — P,) = m(V, — V))
(5
Increase of entropy: S, =85 =0
Shock wave

We can combine the conservation of mass and energy relations into a single equation and
plot it on an h-s diagram, using property relations. The resultant curve is called the Fanno

line, and it is the locus of states that have the same value of stagnation enthalpy and mass
flux (mass flow per unit flow area).

Likewise, combining the conservation of mass and momentum equations into a single
equation and plotting it on the h-s diagram yield a curve called the Rayleigh line
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VZ
2
" R 5
] N |
qb"' Subsonic flow
| Ma<1)
_ h h ho, / /
01 02 : /
ol L . - Ma=1
I
I Supersonic flow
h | (Ma > 1)
1M~ =
I
I I
0 ! l _

The h-s diagram for flow across a normal shock.
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Relations between various properties before

and after the shock for an ideal gas with
constant specific heats

E—1+(—ﬁ'_])M2
T, 2

?E}E k— 1 g)

T, 1+ Mal(k—1)/2

T, 1+ Mad(k—1)/2

Pi

P, P,
RT, © P27 Rr

 RT,

l

/

Normal

P increases
P, decreases
V' decreases
Ma decreases
T increases
T, remains constant
p Increases
5 Increases

Variation of flow properties across
a normal shock.

Ma = V/c

PV = pVs

I, PV, PMay,

- P,Ma, \?— = ( P, )( Ma, ) |
Tl P l"'fl P ]P\f’lll]{‘l P]l\f‘li ¥ \?{ Pl P\’"‘[ll]
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P, Ma, V1 + Mal(k—1)/2
Py Ma, V1 + Mai(k — 1)/2

m
P]_PZZE(VE_V]):IDEV%_JDIV%

P . P 4 4
pV? = (—) (Mac)® = (—) (Ma'\VkRT)* = PkMa"

RT RT

P, (1 + kMa?)

P,(1 + kMa3)

P, 1+ kMa7 Mo = Maj + 2/(k — 1)
P, B 1 + kMu% - jh-"lufﬂ'_,-’(k - 1) — 1
& P,
S =8 =¢ In——RlIn—
T, P,
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Impossible
Schlieren image of the blast wave (expanding spherical normal =
. . Subsonic flow Ma, =1 Supersonic flow Ma,
shock) produced by the explosion of a firecracker detonated b )
. efore shock before shock
inside a metal can that sat on a stool. The shock expanded
radially outward in all directions at a supersonic speed that Entropy change across the
decreased with radius from the center of the explosion. normal shock.
The microphone at the lower right sensed the sudden change in
pressure of the passing shock wave and triggered the
microsecond flashlamp that exposed the photograph.
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Example 17-8

Show that the point of maximum entropy on the Fanno line (point b of Figure) for the adiabatic
steady flow of a fluid in a duct corresponds to the sonic velocity, Ma=1.

2

V3
h + — = constant ht - -5
2 QE} ‘|'
Q¥ Subsonic flow
dh + Vv =0 o b/ )Y
hg, = hy, - /
pV = constant LS |2 Ma = 1
pdV + Vdp =
dp
dV = —V — |
P 4 Supersonic flow
h F | (Ma > 1)
177 =
dp |
dh — V*— =0 0 | | .
P 5 55 §
dP dp 2D\ 1/2
— - V:—=0 at s = constant V= (ﬁ)
P P dp /
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Example 17-9

If the air flowing through the converging—diverging
nozzle of Example 17—7 experiences a normal shock
wave at the nozzle exit plane, determine the following
after the shock: (a) the stagnation pressure, static
pressure, static temperature, and static density; (b) the
entropy change across the shock; (c) the exit velocity;
and (d ) the mass flow rate through the nozzle. Assume
steady, 1-D, and isentropic flow with k=1.4 from the
nozzle inlet to the shock location.

Shock wave

Ma,=2

5 Py =1.0MPa

P, =0.1278 MPa
T, =4445K

p, = 1.002 kg/m*

— i1 =2.858 ke/s

(a) The fluid properties at the exit of the nozzle just before
the shock (denoted by subscript 1) are those evaluated

P,y =10MPa P, =0.1278 MPa T, =4445K p, = 1.002 l{g/m3
Pﬂz Pz Tz : P> o
Ma, = 0.5774 — = 0.7209 = 4.5000 — = 1.6875 = 2.6667

01 P, I Pi

Py, = 0.7209P,, = (0.7209) (1.0 MPa) = 0.721 MPa

P, = 4.5000P, = (4. 5000)(0 1278 MPJ) = (L.575 MPa

T, = 1.6875T, = (1.6875)(444.5K) = 750 K

p> = 2.6667p; = (2.6667)(1.002 l{g/’m ) = 2.67 l~’.;_1.r,/mj
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(b) The entropy change across the shock is

P,

2
S =8 =¢In— — R In—

P
1 1
= (1.005 kJ/kg - K)In(1.6875) — (0.287 kJ/kg - K)In(4.5000)

= 0.0942 kJ/kg - K
The entropy of the air increases as it experiences a normal shock,

which is highly irreversible.

(c) The air velocity after the shock can be determined from V,=Ma,c,, where c, is the speed of
sound at the exit conditions after the shock:

V, = Ma,c, = Ma, VART,  _ (0.5774) 1000 m“/ﬂ“)

I,..""(1,4)(0,287 kl/kg - K) (750 K)< | K/kg

\

= 317 m/s

(d) The mass flow rate through a converging—diverging nozzle with sonic conditions at the throat is
not affected by the presence of shock waves in the nozzle.

m = 2.86 kg/s

This result can easily be verified by using property values at the nozzle exit after the

shock at all Mach numbers significantly greater than unity.
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Oblique Shocks

Not all shock waves are normal shocks (perpendicular to the flow direction). For example,
when the space shuttle travels at supersonic speeds through the atmosphere, it produces
a complicated shock pattern consisting of inclined shock waves called oblique shocks

.\\.

-

Schlieren image of a small model of the space shuttle Orbiter being tested at Mach 3 in the
supersonic wind tunnel of the Penn State Gas Dynamics Lab. Several oblique shocks are seen in the
air surrounding the spacecraft.
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First, we consider straight oblique shocks, like that produced when a uniform supersonic
flow (Ma;>1) impinges on a slender, 2-D wedge of half-angle §. Since information about the
wedge cannot travel upstream in a supersonic flow, the fluid “knows” nothing about the
wedge until it hits the nose. At that point, since the fluid cannot flow through the wedge, it
turns suddenly through an angle called the turning angle or deflection angle 6. The result is
a straight oblique shock wave, aligned at shock angle or wave angle 5, measured relative to
the oncoming flow.

| Oblique
Oblique h c'l‘l(
' shock o
—
Vl.{; AN
e -
Mﬂl /f V AL
- ///f 1il'I{}Y] ‘iH
R T IR (R CDHII'GI ", S
volume g ]
> Vi.n -
-
—

Velocity vectors through an oblique
shock of shock angle  and deflection
angle 6.

An oblique shock of shock angle 8 formed by a slender, 2-D
wedge of half-angle §. The flow is turned by deflection angle
6 downstream of the shock and the Mach number decreases
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When we apply conservation of momentum in the direction normal to the oblique shock,
the only forces are pressure forces, and we get

PiA — P,A = pV, ,AV,,, — pV1 , AV, — P, — P, = pEV%.n - PLV%,H

since there is no work done by the control volume and no heat transfer into or out of the
control volume, stagnation enthalpy does not change across an oblique shock, and
conservation of energy yields

T T
;‘t?{}] = ;‘c?ﬂg = h{} —> h] -+ ;V‘]_ﬂ + EV%I - ;‘e?z + ;Vi“’ -+ ;V%J

P Py

M =1 -Maz,n S| l 5 l R
. g0 h, + —=—Vs =h, +—V5
_____\_\w‘ B , ] 2 J..J"! 2 2 2.”

Egik /

Ma,, = Ma;sin8  ve Ma,, = Ma,sin(g — 0)

All the equations, shock tables, etc., for normal
shocks apply to oblique shocks as well, provided

that we use only the normal components of the
Mach number.
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Relationships across an oblique shock for an ideal gas in terms of the
normal component of upstream Mach number Ma, .
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V;

. tan(B—10) 2+ (k—1)Maj,

2 + (k — 1)Maj sin* 3

Vi, tan 5 (k + 1)Ma7,

(k + 1)Maj sin® 3

cos 23 = cos* B — sin* B and tan(B — 0) =

tan 8 — tan #
| + tan Btan #

The 6-3-Ma relationship: tan f =

2 cot B(Maj sin* B — 1)

Ma3(k + cos 28) + 2

Detached
oblique

A detached oblique shock occurs upstream of a

greater than the maximum possible deflection

forms at the bow of a ship.

two-dimensional wedge of half-angle § when § is

angle 6. A shock of this kind is called a bow wave
because of its resemblance to the water wave that

shock
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Ma, = H=#

Max

40 !
4|
/
g 30 s [’
.JEE Ma, — o Ma, = 1.1 Ma, < 1
% \ - - ’ =
Weak | \ Strong
10 \ \
/5 /3 215 NN
{:] 1 1 | 1 1 | L 1 1 1 1 1 1 | || 1 1 I | | | T ==y
0 10 20 30 40) 50 60 70 80 90
3, degrees

The dependence of straight oblique shock deflection angle 8 on shock angle (8 for several
values of upstream Mach number Ma,. Calculations are for an ideal gas with k=1.4. The
dashed black line connects points of maximum deflection angle (6 = 8,,.,). Weak oblique
shocks are to the left of this line, while strong oblique shocks are to the right of this line.
The dashed gray line connects points where the downstream Mach number is sonic
(Ma,=1). Supersonic downstream flow (Ma,> 1) is to the left of this line, while subsonic
downstream flow (Ma,<1) is to the right of this line.
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(@) () ()

Still frames from schlieren videography illustrating the detachment of an oblique
shock from a cone with increasing cone half-angle § in air at Mach=3. At (a) §=20

and (b) 6=40, the oblique shock remains attached, but by (c) §=60, the oblique
shock has detached, forming a bow wave.

The shock angle for Mach waves is a unique function of the Mach number and is
given the symbol u, not to be confused with the coefficient of viscosity.
Angle u is called the Mach angle;

Mach angle: = sin~'(1/Ma,)
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Shadowgram of a one-half-in diameter sphere in free flight through air at
Ma=1.53. The flow is subsonic behind the part of the bow wave that is ahead of
the sphere and over its surface back to about 45°. At about 90° the laminar
boundary layer separates through an oblique shock wave and quickly becomes
turbulent. The fluctuating wake generates a system of weak disturbances that
merge into the second “recompression” shock wave.
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Prandtl-Meyer Expansion Waves

We now address situations where supersonic flow is turned in the opposite direction, such
as in the upper portion of a two-dimensional wedge at an angle of attack greater than its
half-angle 6. We refer to this type of flow as an expanding flow, whereas a flow that
produces an oblique shock may be called a compressing flow.

However, unlike a compressing flow, an expanding flow does not result in a shock wave.
Rather, a continuous expanding region called an expansion fan appears, composed of an
infinite number of Mach waves called Prandtl-Meyer expansion waves.

Expansion
waves

An expansion fan in the upper portion of the flow
\ formed by a 2-D wedge at the angle of attack in a
supersonic flow. The flow is turned by angle 6, and
————————— the Mach number increases across the expansion
fan. Mach angles upstream and downstream of
the expansion fan are indicated. Only three
expansion waves are shown for simplicity, but in

Oblique fact, there are an infinite number of them.

shock

6

| HERT
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Turning angle across an expansion fan: 6 = v(Ma,) — v(Ma,)

where v(Ma) is an angle called the Prandtl-Meyer function (not to be confused

with the kinematic viscosity),

[k + 1 k=1, R
v(Ma) = -\:.."ﬁttl[]_] {\I:."m(l\-’hl“ — ])} — tan”" ( V Ma® — 1 )

Prandtl-Meyer expansion fans also occur in axisymmetric supersonic flows, as in the
corners and trailing edges of a cone-cylinder.

A cone-cylinder of 12.5° half-angle in a Mach number 1.84 flow. The boundary layer becomes
turbulent shortly downstream of the nose, generating Mach waves that are visible in this
shadowgraph. Expansion waves are seen at the corners and at the trailing edge of the cone.
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The complex interactions between shock waves and expansion waves in an
“overexpanded” supersonic jet. The flow is visualized by a schlierenlike differential
interferogram.
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Example 17-10
Estimate the Mach number of the free-stream flow upstream of the space shuttle. Compare with the
known value of Mach number provided in the figure caption.

Using a protractor, we measure the angle of the Mach lines in the free-stream flow: u=19°.
The Mach number is obtained from;

| |
w = sin_l(M—) —  Ma, = —  Ma, = 3.07

Our estimated Mach number agrees with the experimental value of 3.0 + 0.1.
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Ornek 17-11

Supersonic air at Ma,= 2.0 and 75.0 kPa impinges on a 2-D wedge
of half-angle §=10°. Calculate the two possible oblique shock angles,
Buweak @Nd Birongs that could be formed by this wedge. For each case,
calculate the pressure and Mach number downstream of the

oblique shock, compare, and discuss.

we approximate the oblique shock deflection angle as
equal to the wedge half-angle, i.e.,, 6 = § = 10° . With
Ma,= 2.0 and 6=10°, we solve Eq. 17-46 for the two
possible values of oblique shock angle g8 ,,..,=39.3° and
B strong=83-7°. From these values, we use the first part of
Eq. 17-44 to calculate the upstream normal Mach

number Ma, ,

(b)

__ _ _ 2 cot B(Ma7 sin* B — 1)
The 6-3-Ma relationship: tan 6 = - (17-46)
Maj(k + cos 23) + 2

Ma,, = Ma,;sin3 and Ma,, = Ma,sin(8 — 6) (17-44)
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Weak shock: Ma,, = Ma;sin 3 — Ma,, = 2.0sin 39.3° = 1.267

Strong shock: Ma,, = Ma;sin3 — Ma,, = 2.0sin 83.7° = 1.988

Weak shock:

P, 2kMai, —k+ 1 2(1.4)(1.267)* — 1.4 + 1
- = ' — P, = (75.0 kPa) = 128 kPa
P, k+ 1 1.4 + 1
Strong shock:
P, 2kMaj, —k + 1 2(1.4)(1.988)* — 1.4 + 1
= — P, = (75.0 kPa) = 333 kPa
P, k+ 1 1.4 + 1
Ma, , 0.8032
Weak shock: Ma, = — = — = 1.64
sin(B — 6)  sin(39.3° — 10°)
Ma,, 0.5794 |
= (.604

Strong shock: Ma, = =
: 27 Sin(B — 0)  sin(83.7° — 10°)
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DUCT FLOW WITH HEAT TRANSFER AND NEGLIGIBLE FRICTION (RAYLEIGH FLOW)

Many compressible flow problems encountered in practice involve chemical reactions such
as combustion, nuclear reactions, evaporation, and condensation as well as heat gain or

heat loss through the duct wall.

Such problems are difficult to analyze exactly since they may involve significant changes in
chemical composition during flow, and the conversion of latent, chemical, and nuclear

energies to thermal energy

Fuel nozzles or spray bars

Air inlet

Flame holders

Many practical compressible flow problems involve
combustion, which may be modeled as heat gain through
the duct wall.
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Consider steady one-dimensional flow of an ideal gas with
constant specific heats through a constant-area duct with
heat transfer, but with negligible friction. Such flows are
referred to as Rayleigh flows after Lord Rayleigh (1842-1919).

Continuity equation

PV = paVs

SF=>pgnv - gV
< 2

P1+P1V%:P2+PQV%

. B
-
Pi. Ty. py | | Py, Ty, po
e
i -V,
| |
| ; _
Control
volume

Control volume for flow in a
constant area duct with heat
transfer and negligible friction.

:zvz) V, — (P]VI)VI

Vi v? V3
Energy equation Q+m| hy +— | = h2+— — q+h +—=h, +—
2 2 2 © 2
Vi — Vi B o
¢=c(L—T)+——F— q = hoy = hoy = ¢,(Toy — Ty)
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T
Entropy change 5, — 5, = ¢, ln?z — Rln—2

Equation of state P,

May, = 1/Vk

rii

Cooling agMa, =1
(Ma— 0)

/ (Ma— 1)

Ma>1

Heating
(Ma—1)
—

Cooling
“ (Ma— )

§

P,
1 P,
> Ma = V/¢ = V/NVART
2
P15 Heating
m—— '?___l
: ‘ : TE = Tl ]
T, . I < T,
> Subsonic ! ;
: flow :
Ty, R | Ty, = Ty
Heating
i_ ______ "?___:
|
T, | : : T, >T,
»|  Supersonic .
: flow :
Ty, R | Ty, = Ty,

T-s diagram for flow in a constant-area duct
with heat transfer and negligible friction
(Rayleigh flow).

During heating, fluid temperature always increases if
the Rayleigh flow is supersonic, but the temperature
may actually drop if the flow is subsonic.
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The effects of heating and cooling on the properties of Rayleigh flow

Cooling
Property Subsonic Supersonic Subsonic Supersonic
Velocity, V Increase Decrease Decrease Increase
Mach number, Ma Increase Decrease Decrease Increase
Stagnation temperature, T, Increase Increase Decrease Decrease
Temperature, T Increase for Ma < 1/k? Increase Decrease for Ma < 1/k? Decrease
Decrease for Ma = 1/k'? Increase for Ma = 1/k'2
Density, p Decrease Increase Increase Decrease
Stagnation pressure, F, Decrease Decrease Increase Increase
Pressure, P Decrease Increase Increase Decrease
Entropy, s Increase Increase Decrease Decrease
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Property Relations for Rayleigh Flow

P, B | + kl\fhl:l'

pV? = pkRTMa® = kPMa’ = -
P, | + kMas

pr_ Vo Ma,VIRT, Ma,VT, 1, Pyp, (1 + kM:ﬁ) ( Maz\/f>

P> Vi Ma,VKRT, Ma, VT, T, Pipa  \1+kMal/\ Ma, VT,
I, [leg(l + kl\-’luf)]: p» Vi Maj (1 + kMa3)
T, [ Ma,(1 + kMa?) pr V,  Mai(l + kMa?)
P - | + k& i - I\[.l(l =r /\) 2 V B I,::: B (I 4 /\)I\]ll:
P 1 +kMa®  T* |1+ kMa’ VE  p 1+ kMa?

T, T, T T* k—1_ . \[Ma(l + k) ]? k— 1\
o= —-=\(1+——Ma" 5 | + ——
T% T T* T 2 | + kMa’ 2
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T, (k+ 1)Ma’[2 + (k — 1)Ma’]

.

TS (1 + kMa?)

P Py, P P* k=1 A\ 1+« k— 17\
v — = 1 + Ma . | + ——

P§ P P* P} 2 | + kMa’ 2

Py kK + 1 2 (/\ — I)I\"lll:-'l" k=1) 0

P51 + kMa? k+ 1 > 17k
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Choked Rayleigh Flow

What happens if we continue to heat the fluid?

Does the fluid continue to accelerate to supersonic velocities?
An examination of the Rayleigh line indicates that the fluid at the critical state of Ma=1

cannot be accelerated to supersonic velocities by heating.

Therefore, the flow is choked. This is analogous to not
being able to accelerate a fluid to supersonic velocities
in a converging nozzle by simply extending the
converging flow section. If we keep heating the fluid,
we will simply move the critical state further
downstream and reduce the flow rate since fluid
density at the critical state will now be lower.

Dnak — H'U' B hﬂ] = 'Ep(T{J o ]TI}])

Qmax
=" ", ~ ~ — — 1
| » |
| | .
| — =
i Rayleigh =T
o fow T
Ty, 'L ___________ ! Tor = Ty
Choked
flow

For a given inlet state, the maximum
possible heat transfer occurs when sonic
conditions are reached at the exit state.

Further heat transfer causes choking and thus the inlet state to change (e.g., inlet velocity
will decrease), and the flow no longer follows the same Rayleigh line. Cooling the subsonic
Rayleigh flow reduces the velocity, and the Mach number approaches zero as the

temperature approaches absolute zero.
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STEAM NOZZLES

Water vapor at moderate or high pressures deviates considerably from ideal-gas
behavior, and thus most of the relations developed in this chapter are not applicable to
the flow of steam through the nozzles or blade passages encountered in steam turbines.

The steam properties such as enthalpy are functions of pressure as well as temperature
and that no simple property relations exist, an accurate analysis of steam flow through
the nozzles is no easy matter.

A further complication in the expansion of steam through nozzles occurs as the steam
expands into the saturation region.

As the steam expands in the nozzle, its pressure and temperature drop, and ordinarily
one would expect the steam to start condensing when it strikes the saturation line.
However, this is not always the case.

Owing to the high velocities, the residence time of the steam in the nozzle is small, and
there may not be sufficient time for the necessary heat transfer and the formation of
liguid droplets. Consequently, the condensation of the steam may be delayed for a little
while. This phenomenon is known as supersaturation, and the steam that exists in the
wet region without containing any liquid is called supersaturated steam.
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During the expansion process, the steam reaches a temperature lower than that normally
required for the condensation process to begin. Once the temperature drops a sufficient
amount below the saturation temperature corresponding to the local pressure, groups of
steam moisture droplets of sufficient size are formed, and condensation occurs rapidly.
The locus of points where condensation takes place regardless of the initial temperature
and pressure at the nozzle entrance is called the Wilson line.

hii

Q\

The critical-pressure ratio

RV P ( ) ) kf(k—1) |
Saturati — = = 0.546
ituration P, k+ 1

line

Wilson line (x = 0.96)

The h-s diagram for the isentropic
expansion of steam in a nozzle..
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Example 17-16
Steam enters a converging—diverging nozzle at 2 MPa and P,=2MPa
400°C with a negligible velocity and a mass flow rate of 2.5 T, = 400°C
ka/s, and it exits at a pressure of 300 kPa. The flow is V=0
isentropic between the nozzle entrance and throat, and the STEAM
overall nozzle efficiency is 93 percent. Determine (a) the
throat and exit areas and (b) the Mach number at the throat
and the nozzle exit.

Throat

(a) Since the inlet velocity is negligible, the inlet stagnation and
static states are identical. The ratio of the exit-to-inlet stagnation
pressure is

P, 300 kPa -

- - 8

P,, 2000 kPa

P, = 0.546P,, = (0.546)(2 MPa) = 1.09 MPa
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At the inlet,

P, = Py, = 2 MPa h, = hy, = 3248.4 kKl /kg
T, = T, = 400°C S, = 5§, = S5, = 7.1292 kl /kg - K

Also, at the throat,

P, = 1.09 MPa } h, = 3076.8 kI /kg
s; = 7.1292kJ/kg - K v, = 0.24196 m*/kg

Then the throat velocity is determined

f 1000 m?/s*
V, =\ 2(hgy — ) = \/[2(3248.4 — 3076.8) ki/ke] = 585.8 m/s

| kJ/kg

mv, (2.5 kg/s)(0.2420 m'/kg)

A, = = = 10.33 X 10™* m? = 10.33 cm?
V, 5385.8 m/s

P,. = P, = 300 kPa
s, = 8 = 7.1292 kJ/kg - K
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The enthalpy of the steam at the actual exit state is

Iy = hm o hz
g hm o hzs
3248.4 — h,

— . h, = 2816.1 KJ/K
3248.4 — 2783.6 : /ke

P, = 300 kPa v, = 0.67723 m*/kg
h, = 2816.1kl/kg) s, = 7.2019 kl/kg-K

Then the exit velocity and the exit area become

V, = V2(h I 2(3248.4 — 2816.1) kl/k (1000 /s’

) = 0929.8 m/s

mv, (2.5 kg/s)(0.67723 m’/kg)
A, = . = 18.21 X 10™* m* = 18.21 cm’
27y, 929.8 m/s - i
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(b) The velocity of sound and the Mach numbers at the throat and the exit of the nozzle
are determined by replacing differential quantities with differences,

aP\ '/ Ap '
“(E)S :L(I/V)L

ff (1115 — 1065) kPa ( 1000 m?*/s?
C =
V (1/0.23776 — 1/0.24633) kg/m*\ 1 kPa- m?*/kg

VvV 5858 m/s
Ma=—= / = 1.002

) = 584.6 m/s

¢ 584.6m/s

The velocity of sound and the Mach number at the nozzle exit are determined by

evaluating the specific volume at 5,=7.2019 kJ/kg - K and at pressures of 325 and 275 kPa
(P, + 25 kPa):

_ (325 — 275) kPa ( 1000 m?/s>

c = = 3154 m/s
V (1/0.63596 — 1/0.72245) kg/m*\ 1 kpa-m?’/kg) /

V9298 m/s Thus the flow of steam at the
Ma = — = — 1.804
¢ 5154 m/s
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