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Objectives

= Differentiate between 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 to determine the
properties of atmospheric air.

= Apply the principles of the conservation of mass and
energy to various air-conditioning processes.
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Introduction

Psychrometry is the study of thermodynamic
properties of air and water vapor mixtures (moist
air).

Air is made up of five main gases i.e. Nitrogen

78.03%, Oxygen 20.99%, Argon 0.94%, Carbon
Dioxide 0.03%, and Hydrogen 0.01% by volume.

Water vapor adds some complexity because it might
condense.

Applications
— Air conditioning — Meteorology
— Evaporative cooling — Industrial processes (Drying)

— Cooling towers
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Today, modern air-conditioning systems can heat,
cool, humidify, dehumidify, clean, and even
deodorize the air—in other words, condition the air
to peoples’ desires.

The rate of heat generation by human body
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, and 440 W when doing heavy physical work.

When doing light work or walking slowly, about
half of the rejected body heat is dissipated
through perspiration as latent heat while the
other half is dissipated through convection and

radiation as sensible heat. We cannot
e , — Change the

weather, but we
can change the
cimate in a
confined space
by air-
conditioning.

A body feels comfortable when it
can freely dissipate its waste
heat, and no more.
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In an environment at 10°C with 48 o
kmm/h winds feels as cold as an
environment at -7°C with 3 km/h
winds as a result of the body-
chilling effect of the air motion

The comfort of the human body
depends primarily on three factors: the
(dry-bulb) temperature, relative
humidity, and air motion.

(the wind-chill factor). The relative humidity affects the amount
of heat a body can dissipate through
MAYBE A LITTLE evaporation. Most people prefer a

/ . -
TEEHCONORIEASI-E relative humidity of 40 to 60%.

0 /\AA_/\-/
N Air motion removes the warm, moist air

i 23°C that builds up around the body and
¢ =50% replaces it with fresh air. Air motion
Air motion
15 sii/min should be strong enough to remove heat
. and moisture from the vicinity of the
€ ) body, but gentle enough to be

|] unnoticed.

: An important factor that affects human
comfort is heat transfer by radiation
between the body and the surrounding
surfaces such as walls and windows.

A comfortable environment.
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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. eh
These processes include simple E‘
heating (raising the temperature), i=
simple cooling (lowering the Cooling a

temperature), humidifying (adding

moisture), and  dehumidifying %jj Heating
(removing moisture). 3
Sometimes two or more of these E
processes are needed to bring the i

air to a desired temperature and

humidity level. Various air-conditioning processes.

Air is commonly heated &
humidified in winter and cooled &
dehumidified in the summer time.



........
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Background (Gas Mixtures)

e Apply the rules for determining mixture
properties to ideal-gas mixtures.

e Predict the P-v-T behavior of gas mixtures
nased on Dalton’s law of additive pressures

e Understand the concept of partial pressures.
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Gas Mixture - Dalton’s Model

Partial Pressures

Each gas existed alone at the mixture temperature and
volume.

The total pressure in a gas mixture is the sum of the partial pressures of each individual gas.

+

total gas a

gas b

latm pressure + Jatm pressure
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Dalton’s Law

e A sample relationship exists between the total

pressure and individual partial pressures 2
MOLE FRACTION
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Dalton’s Law
Def:

Mole Fraction = mols of one substance = X
total moles

(Xa + Xg +Xc =1)

Partial Pressure = pressure exerted by
only one gas in a mixture.

P,=nR, TV or P,=X,Po7
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DRY AND ATMOSPHERIC AIR

Atmospheric air: Air in the atmosphere containing some
water vapor (or moisture).

Dry air: Air that contains no water vapor.

Water vapor in the air plays a major role in human
comfort. Therefore, it is an important consideration in
air-conditioning applications.

hawar = ¢,T = (1005 kI/kg-°C)T  (kI/kg)
Ahgey i = ¢, AT = (1.005 kJ/kg - °C) AT (kJ/kg)

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:

P=P,+P,  (kPa)

P, Partial pressure of dry air
P, Partial pressure of vapor (vapor pressure)

Dry air

T, °C ¢, kl/kg-"C
—10 1.0038
0 1.0041
1O 1.0045
20 1.0049
30 1.0054
40 1.0059
50 1.0065

The ¢, of air can be
assumed to be constant at
1.005 klJ/kg-°C in the
temperature range =10 to
50°C with an error under
0.2%.
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For water

h, =2500.9 kl/kg at 0°C

Cpavg = 1.82 kI/kg - °C at =10 to 50°C range h,(T.low P) = h,(T)
h,(T) = 25009 + 1.82T (kJ/kg) T'in °C In the temperature range
h,(T) = 1060.9 + 0.435T (Btu/lbm) Tin °F | =10 to 50°C, the h, of water
can be determined from Eq.
T °C 14-4 with negligible error.
A
Water vapor
\ he, ki/kg Difference.
T,°C Table A-4 Eq. 14-4 kJ/kg
50 —10 2482.1 2482.7 —0.6
I = cons 0 2500.9 2500.9 0.0
= consl.
10 2519.2 2519.1 0.1
N\ 20 2537.4 2537.3 0.1
AN 30 2555.6 2555.5 0.1
q 40 2573.5 2573.7 —-0.2
Below 50°C, the h = const. lines coincide >0 2591.3 2591.9 0.6

with the T = const. lines in the
superheated vapor region of water.

©UIM
h = h(T ) since water
vapor is an ideal gas
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SPECIFIC AND RELATIVE HUMIDITY OF AIR

Absolute or specific humidity (humidity AIR
ratio): The mass of water vapor presentin a 25°C,100 kPa
unit mass of dry air.

(FsatH,0 @ 25°c = 3.1698 kPa)

m,

w = kg water vapor/kg dry air
m, (ke por/kg dry air) P, = 0 — dry air
m, PV/RT P,/R, P P, < 3.1698 kPa — unsaturated air
w= = = - =0.622 " P, = 3.1698 kPa— saturated air
F”H P”V/R”T Pu /Ru P(.' H
For saturated air, the vapor pressure
- 0.622P, Ko water vanor/ke drv air is equal to the saturation pressure of
w = P_—R (kg water vapor/kg dry air) water.
S d air: The ai d with moi AR
aturated air: The air saturated with moisture. 25°C,1 atm
Relative humidity: The ratio of the amount of
isture the air holds (m ) to the maximum ™y =1 kg
mois v m, = 0.01 kg

amount of moisture the air can hold at the My, max = 0.02kg
same temperature (mg).

kg H,0
kg dry air

Specific humidity: @ = 0.01

m, PV/RT P _ Relative humidity: ¢ = 50%

m, P,V/RIT P, ; The difference between specific
and relative humidities.

v

b =
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wP [](}zsz)P,k,
P — (",’)PIQ

¢ = and w =

((').()22 + w)P,
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.

H=H,+ H =mh,+ mh,
H I,
h=—=h,+ h,=h, + wh,
m, m,
h, = h,
h = h, + wh, (kJ/kg dry air)

Dry-bulb temperature:
The ordinary temperature
of atmospheric air.

What is the relative humidity of
dry air and saturated air?

(1 + @) kg of
moist air

moisture
® kg
h

g

h=h, + ®h,, kl/kgdry 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 The Amount of Water Vapor in Room Air

A 5-m x 5-m x 3-m room shown in Fig. 14—/ contains air at 25°C and 100
kPa at a relative humidity of 75 percent. Determine (a) the partial pressure
of dry air, (b) the specific humidity, (¢) the enthalpy per unit mass of the dry
air, and (d) the masses of the dry air and water vapor in the room.
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DEW-POINT ™
TEMPERATURE

Dew-point temperature T,,:  The
temperature at which condensation T, |
begins when the air is cooled at
constant pressure (i.e., the saturation
temperature of water corresponding
to the vapor pressure.)

po — Txut @ P,

Constant-presssure cooling of moist
Moist air and the dew-point temperature on
air the T-s diagram of water.

Liquid water When the temperature of a

droplets cold drink is below the dew-

(dew) point temperature of the
surrounding air, it “sweats.”
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ADIABATIC SATURATION TEMPERATURE

Unsaturated air Saturated air
AND WET-BULB TEMPERATURE qu;mj S o
1 p = 100%
M, = m,, = N, (The mass flow rate of dry air —§ b (L.—
remains constant) ' 1T
m,, + me=nm,, (The mass flow rate of vapor in the
‘ h air increases by an amount equal [U
to the rate of evaporation ri1;) T

: : : : . Liquid water at 75
Ao + iy = igw, — 1= 0 (0, — o))

: : T A ) _

Ein - Euul Adiabatic
. ) . saturation
mghy + mehe = my —s i,y + m (0, — w)hy, = m,h, temperature
hy + (w, — w)hy, = h,
((‘;,Tl + (ulhgl) + (@, — w])hf: = ((.‘ij + U)zhg:) Dew-ooi

_ _ " Dew-point

{'I-.':_ T: - T ) + EU:.'rE._,N 0.622P temperature
r_-l._]l — - _ o g5
Ilr‘? N o Ilr‘i' I (!)3 P 5 T P

[
Z hide)

s
The specific humidity (and relative humidity) of air
can be determined from these equations by

measuring the pressure and temperature of air at the
inlet and the exit of an adiabatic saturator.

The adiabatic saturation process
and its representation on a T-s
diagram of water.
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PR R

The adiabatic saturation P

process is not practical. To ~ Ordinary — |1
. thermometer T

determine the absolute o

a_nd relative humldlty of Welbulb 1 s

air, a more practical lhcrmumczr\\ "I

approach is to use a alli

thermometer whose bulb Wet-bulb

. . thermometer

is covered with a cotton

wick saturated with water

and to blow air over the Alr

) flow
wick. ‘

Dry-bulb
thermometer

Wick

Liquid
water

The temperature
measured is the wet-bulb

temperature T, and it is A simple arrangement to ﬂ/?ﬁr:[_gsll?eter
. I I
commonly used in A-C measure the wet-bulb

wick
applications. temperature.

Sling psychrometer

For air—water vapor mixtures at atmospheric
pressure, T, is approximately equal to the
adiabatic saturation temperature.
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EXAMPLE 14-3 The Specific and Relative Humidity of Air

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 rela-
tive humidity, and (c) the enthalpy of the air.
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THE PSYCHROMETRIC CHART

Psychrometric charts: Present moist air properties in a convenient form. They are used
extensively in A-C applications. The psychrometric chart serves as a valuable aid in
visualizing the A-C processes such as heating, cooling, and humidification.

Saturation line

Specific humidity, @

&
Dry-bulb temperature 15°C
For saturated air, the dry-bulb, wet-bulb, and

Schematic for a psychrometric chart. _ _ _
dew-point temperatures are identical.
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Breakdown of the Lines

Enthalpy
k) / kg

Dew
Point

100%
Saturation

Specific
Volume

Relative
Humidity

Grains of
Moisture

/

Wet
Blub




ocw.utm.my

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).

ymg

Humidifyin

Cooling

Sometimes two or more of these

processes are needed to bring the air %‘“ Heating
to a desired temperature and humidity Z
level. =
Air is commonly heated and humidified E
in winter and cooled and dehumidified YA

in summer.
Various air-conditioning processes.
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Most air-conditioning processes can be modeled as steady-flow
processes with the following general mass and energy balances:

Mass balance m.. = mg,

Mass balance for dry air: E m, = E m, (kg/s)

in oult

Mass balance for water: E m,, = E m, — Or E m, @ = E m,

in out in oult

-

Energy balance E = Eout

n

Qin + VVE[] T E’hh — Qnul + W.)ul + Eﬁ’lh

in out

The work term usually consists of the fan work input, which is small
relative to the other terms in the energy balance relation.
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EXAMPLE 144 The Use of the Psychrometric Chart

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, (¢) the wet-bulb temperature, (d) the dew-point tempera-
ture, and (e) the specific volume of the air.
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Simple Heating and Cooling (@ = 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.

Cooling can be accomplished by passing the air over some coils through which a

refrigerant or chilled water flows.

Heating and cooling appear as a horizontal line since no moisture is added to or removed

from the air.
Dry air mass balance 71, = ri1, = ria
1 2
Water mass balance w, = w,

Energy balance
O =ii,(hy —h) or q=h —h

Heating coils
Y A
e e
I, o, ¢ ©2= O
. Heat 0 < ¢y

During simple heating, specific humidity remains
constant, but relative humidity decreases.

During simple cooling,
humidity remains constant, but
relative humidity increases.

02=80% 4 = 30%

|
@ = constant = |
cooling I
|
|

12°C 30°C
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Heating with Humidification

Problems with the low relative humidity resulting from simple heating can be
eliminated by humidifying the heated air. This is accomplished by passing the air first
through a heating section and then through a humidifying section.

Dry air mass balance: m, = m, = m,
Water mass balance: m,w; = m,w, — ® = W,
Energy balance: Q,, + m,hy=m,h, — Q,, =m,(hy, — h)
(1) +m, = mg,w; —> J"3;1'.1-~ - I'i’lﬂ(&):; o (1)-2)
Heating <
+ coils * Humidifier
ol o2 | = 3
—> —_—>
Alr 0y = O < 0>
Heating Humidifying

section section 10°C 22°C 25°C
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EXAMPLE 14-5 Heating and Humidification of Air

An air-conditioning system is to take in outdoor air at 10°C and 30 percent
relative humidity at a steady rate of 45 m3min 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.

Hcal_ing 9 Humidifier
coils
T, = 10°C {_W = I1,=25°C
0, =30% mmm—p Air = |9,=60%
V, =45 m?".fmin T, =22°C . |
: At |
] 3 3

10°C 22°C 25°C
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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 dew-point temperature.

Dry air mass balance: m, = m, = m

a 1 (.?2 a

Water mass balance: m,w; = m,w, +m, — m,=m(w — o,

W

Energy balance: E mh = Q. + th —  Qou =m1(h; — hy) — m h,

out

91 = 80%

+ Cooling coils l

=

¢, = 100%

|
I

|

PR N Air |

| u e Condensate | |

7 | | 2 :

T, = 14°C T, =30°C | I
92=100% 400 ¢ =80% | l
Condensate Vi =10 m”/min ! :

removal 14°C 30°C
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EXAMPLE 14-6 Cooling and Dehumidification of Air

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. Determine the rates of heat and moisture removal from the air.

+ Cooling coils 1

_ : §1 = 80%
| | /
: iy i I - /ll
-— Air /

N ! K : :\Condensate | ‘|
2___'_ _l__________] ¢, = 100% :
T, = 14°C E T, =30°C |
0 =100%  |4o¢ o) = 80%3 | |
Condensate Vi =10 m“/min :
removal |
|
|
|

14°C 30°C




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

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

Hot, dry
air T >

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

Evaporative Cooling

This process is essentially identical to
adiabatic saturation process.

“:

h =

UTM

= constant
constant

_ Liquid
water
Cool, : > I Hot
MOiSt e = -d—i— dry
. | .
air ; air
T |
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Adiabatic Mixing of Airstreams

Many A-C 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.

Mass of dry air: m, + m, = m,
Mass of water vapor: wm, + wym, = wym,,
Energy: m, hy + m,hy, = m,h,
n, 0, — w3 hy — hy
m, ©;— o  hy— h,

> a

When two airstreams at states 1 and 2 are
mixed adiabatically, the state of the mixture
lies on the straight line connecting the two
states.

(5]
3
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EXAMPLE 14-8 Mixing of Conditioned Air with Outdoor Air

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 wvolume
flow rate of the mixture.

Saturated air
T =14°C
V=50 m/min 7%

@\

|
a‘x Mixing :

5 section | ——
..r’r F=1atm :

SFF S

Tl — 321}{: @ /"
&y = 60%
||..-" =20 m*/min
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Wet Cooling Towers

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

In some cases, however, the cooling
water supply is limited or thermal
pollution is a serious concern.

In such cases, the waste heat must 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
atmosphere).

One way of achieving this is through the
use of wet cooling towers.

A wet cooling tower is essentially a
semi-enclosed evaporative cooler.

Ailr exit

Warm
waler
\ Air

T~ .
¥ inlet
I

Cool

<« )
water

- @ e

An induced-draft counterflow cooling tower.
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Natural-draft cooling tower: It 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.

Spray pond: The warm water is sprayed into the air and is cooled by the air as it falls
into the pond,

Cooling pond: Dumping the waste heat into a still pond, which is basically a large
artificial lake open to the atmosphere.

Two natural draft cooling towers on a
roadside. A spray pond.
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EXAMPLE 14-9 Cooling of a Power Plant by a Cooling Tower

Cooling water leaves the condenser of a power plant and enters a wet cooling
tower at 35°C at a rate of 100 kg/s. Water is cooled to 22°C in the cooling
tower by air that enters the tower at 1 atm, 20°C, and 60 percent relative
humidity and leaves saturated at 30°C. Neglecting the power input to the
fan, determine (a) the volume flow rate of air into the cooling tower and (b)
the mass flow rate of the required makeup water.
30°C
(2) &y=100%
REREA

KA AARR
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Summary

Dry and atmospheric air

Specific and relative humidity of air

Dew-point temperature

Adiabatic saturation and wet-bulb temperatures
The psychrometric chart

Human comfort and air-conditioning
Air-conditioning processes

— Simple heating and cooling

— Heating with humidification

— Cooling with dehumidification
— Evaporative cooling

— Adiabatic mixing of airstreams
— Wet cooling towers



