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T Lecture4. Air-Conditioning Processes

4. 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:
+ sensible heating (raising the

temperature). Cooling o
+ sensible cooling (lowering the Heating
temperature). B

«  humidifying (adding moisture).
« dehumidifying (removing moisture).

Humidifying
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Dehumidifying

- <— Temperature —> +

Sometimes two or more of these FIGURE 4-1

processes are needed to bring the air to Various air-conditioning processes.

a desired femperature and humidity

level. |
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4-1 Sensible Heating and Cooling (w = constant)

Sensible Heating
{ Heating coils *

* Many residential heating systems consist of a _
stove, a heat pump, or an electric resistance L n
heater. T, @1, ¢ & Heat e
* 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, as

shown in Figure.
* No moisture is added to or removed from the air

w=w, , O,<P;

* Notice that the relative humidity of air
decreases during a heating process even if the
specific humidity w remains constant.

* the relative humidity of heated air may be well e e
below comfortable levels, causing dry skin,
respiratory difficulties, and an increase in static
electricity.

S1=80% ¢y _ 300

2

@ = constant
heating.
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Sensible Cooling

* A cooling process at constant specific humidity is
similar to the heating process discussed above,
except the dry-bulb temperature decreases and
the relative humidity increases during such a
process, as shown in Figure.

+ Cooling can be accomplished by passing the air over
some coils through which a refrigerant or chilled
water flows.

+ The conservation of mass equations for a heating
or cooling process that involves no humidification
or dehumidification reduce to my = m, = ma for
dry air and w; = w, for water.

+ Neglecting any fan work that may be present, the Duting simol cooline. o

. . A . g simple cooling. specific
conservation of energy equation in this case humidity remains constant, but relative
I"edUCCS to: humidity increases.

b =80% 4 = 304

1

w = constant
Cooling

12°C 30°C

FIGURE 4-3

O =ung(hy—h) or g=h—h

where h; and h, are enthalpies per unit mass of dry air.
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4-2 Heating with Humidification
* Problems associated with the low relative humidity
resulting from sensible heating can be eliminated
by humidifying the heated air.
+ This is accomplished by passing the air first
through a heating section (process 1-2) and then Heating

through a humidifying section (process 2-3), as )
shown in Figure. | nanoann
. ;mwﬂ:

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

coils | H Humidifier

additional heating (T3 > T2).
+ If humidification is accomplished by spraying FIGURE 4-4

water into the airstream instead, part of the Heating with humidification.

latent heat of vaporization comes from the air,

which results in the cooling of the heated

airstream (T3 < T2). 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.

an = @)
« If steam is introduced in the humidification N ~ e - -
section, this will result in humidification with Heating Humidifying
sechion section
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EXAMPLE 1 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 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.

Solution Heating Humidifier

} coils { ﬂ
We note that the amount of water vapor in r=1c | QNI | m=25°C
the air remains constant in the heating &, =300 —_ AW = |y = 60%
sec'r_iop (911 = wz).bu‘r increases in the Vi =45 whmin T, = 22°C e
humidifying section (w; > w,). — e 3
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(a) Applying the mass and energy balances on the heating section gives

Dry air mass balance: mgl = maz = ;fha

Water mass balance: malwl = masz - w =
Energy balance: Q. +m,h =m,h,

Qin = ’ha(hz - hl)

Note: At pressures other than 1 atm, either other
charts for that pressure or the relations developed
earlier should be used. In our case, the choice is clear:

P, = ¢:P, = P e = (0.3)(1.2281 kPa) = 0.368 kPa

P, =P, — P, = (100 — 0.368) kPa = 99.632 kPa

Lec. Hassan Rijabo

t Lecture4. Air-Conditioning Processes

R,T, (0.287 kPa-m’/kg-K)(283K)
P 09,632 kPa

= 0.815 m’/kg dry air

'.l"]=

0.622P,, 0.622(0.368 kPa)

- - — 0.0023 kg H;0/kg dry ai
“ TP, —P, (100 — 0.368) kPa g Hy0/kg dry air

hy = Ty + wyhy = (1.005 kI/kg-°C)(10°C) + (0.0023){(2519.2 kJ/kg)

= 15.8 kJ/kg dry air
hy = T, + ah,, = (1.005 kI/kg- °C)(22°C) + (0.0023)(2541.0 kJ/kg)

= 28.0 k]/ke dry air
Qo = rita(ha — ) = (55.2 kg/min)[ (28.0 — 15.8) kJ/kg] |

= 673 k]/min - g73 % =11.22 kW
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(b) The mass balance for water in the humidifying section can be
expressed as

ma2w2 + m,, = ma3w3
or

mw = ma(w3 - 602)

PV3 = ¢3 Psat@ZSOC: (0.6) (3.1698) = 1.9019 kPa

0622 Py (0622)(1.9019)
®3 =P P, (100 —1.9019)

=0.01206 kgH,,/kgdry .,

Notice w,=w;=0.0023 kg ,0/kgdry

Thus
m,, = (55.2)(0.01206 — 0.0023) = 0.539 kg/min
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4-3 Cooling with Dehumidification

+ The specific humidity of air remains constant
during a sensible (simple) cooling process, but its
relative humidity increases.

« If the relative humidity reaches undesirably high
levels, it may be necessary fo remove some
moisture from the air, that is, to dehumidify it.
This requires cooling the air below its dew point
temperature.

« Hot, moist air enters the cooling section at state 1.
As it passes through the cooling coils, its
temperature decreases and its relative humidity ——
increases at constant specific humidity.

+ If the cooling section is sufficiently long, air

reaches its dew point (state x, saturated air).
Further cooling of air results in the condensation
of part of the moisture in the air.
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EXAMPLE 2 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.

Solution | Coolnecls |
The inlet and the exit states of the air are completely (0000000000000,
specified, and the total pressure is 1 atm. Therefore, N AT
we can determine the properties of the air at both =g ‘.
states from the psychrometric chart to be helc :5;/ nejoe

h=86.4 KI/Kg dry air h,=39.4 kT/KG 4oy air Codersie =10 nelmin

&1 =80%
y

w=0.022 kg 1120/K9 gry air w,=0.01 Kg 1207k ary air
1)1:0.889 m3/k9 dry air

Dry air mass balance: Mgq = Mgy = Mg o
Water mass balance: g ] = Mgawy + M,
m, = m,(w; — w,) e ¢
Energy balance: YinMh = Qu + YoueMh == Q;ut =m (h; = h,)- myh,
) | 11
Lec. Hassan Rijabo
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Then,
. vV, 10 _ ,
ma = v = osEe 11.25 kg/min
m,, =(11.25)(0.022 — 0.01) = 0.135 kg/min
Q.. = m(h;—h,)-m,h, | hy~higs°=58.8ki/kg |

Q= [(11.25)(86.4—39.4)] — (0.135)(58.8)
=520.812 kJ/min =520.812 (1/60) = 8.68 kW

. 1l
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4-4 Evaporative Cooling

+ Conventional cooling systems operate on a
refrigeration cycle, and they can be used in
any part of the world. But they have a high Ve
initial and operating cost. In desert (hot and
dry) climates, we can avoid the high cost of
cooling by using evaporative coolers, also
known as swamp coolers or air washer.

Hot, dry
air

+ Evaporative cooling is based on a simple
principle: As water evaporates, the latent
. . . Water in a porous jug left in an open,
heat of VClpOI"IZClTIOh is absorbed from the breezy area cools as a result of
water body and the surrounding air. As g P
result, both the water and the air are cooled
during the process.

FIGURE 4- 6
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l- Hot, dry air at state 1 enters the evaporative
cooler, where it is sprayed with liquid water.

« Part of the water evaporates during this
process br absorbing heat from the airstream.
As a result, the temperature of the airstream
decreases and its humidity increases (state 2).

* In the limiting case, the air leaves the
evaporative cooler saturated at state 2. This is
the lowest temperature that can be achieved by
this process.

+ The evaporative cooling process is essentially
identical to the adiabatic saturation process
since the heat fransfer between the airstream

Ty = const.

>
% I = const.

S

and the surroundings is usually negligible. 0 Liquid

« the evaporative cooling process follows a line of —
constant  wet-bulb emperature on  the cooL, | - __LHOT-
psychrometric chart. (Note that this will not ™" T 7| 72
exactly be the case if the liquid water is !

sup][)lied at a temperature different from the
exit femperature of the airstream.)

T, = constant
h = constant |
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EXAMPLE 3 Evaporative Cooling of Air by a Swamp Cooler

Air enters an evaporative (or swamp) cooler at 1 atm, 35°C, and 20

percent relative humidity, and it exits at 80 percent relative humidity.

Determine

(a) The exit temperature of the air

(b) The lowest temperature to which the air can be cooled by this
evaporative cooler.

Solution

The evaporative cooling process follows
a line of constant wet-bulb temperature
on the psychrometric chart.

T,=21.3°C

T, =18.8°C
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4-5 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.

Mixing C_ED
—_—

section @y

* The mixing is accomplished by simply
merging the two airstreams, as shown in
Fig.

Lec. Hassan Rijabo
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* The heat transfer with the surroundings is usually
small, and thus the mixing processes can be

assumed to be adiabatic. g
* Mixing processes normally involve no work //ﬁ

interactions, and the changes in kinetic and

potential energies, if any, are negligible. Then the

mass and energy balances for the adiabatic mixing

of two airstreams reduce to:

Mixing  |(3) o,

section —" ¢
hy

@y - 0y

@y - 0 B
- PR H . — @y
Mass of dry air: Wy + oy = iy, ( 4-21)
Mass of water vapor: o, + oy, = o, ( 4-22)
! ' FIGURE 4-7
Eng;'g}.‘_- ;hd_hj + fifu,hz = ’jju,h.\ ( 4-23) When two airstreams at states | and 2

are mixed adiabatically, the state of|
the mixture lies on the straight line
connecting the two states.

| 17
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Eliminating ri1, from the relations above, we obtain

. o (1)
My, wy —w;  hy — My oy

2 Ny
i = ( 4-24) / \
mg, Wy T w hy — h, / i _@m.‘
. h
@‘/
. [25) *
* The concave nature of the saturation curve and 5

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.

@y - 0y

oy-0, 8

FIGURE 4-7

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.
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EXAMPLE 4-4 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
volume flow rate of the mixture.

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

h, = 39.4 kI /kg dry air hy = 79.0 kJ/kg dry air
w; = 0.010 kg H,O/kg dry air ~ and ®, = 0.0182 kg H,0/kg dry air
v; = 0.826 m*/kg dry air v, = 0.889 m’/kg dry air

Lec. Hassan Rijabo 1 19
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The mass flow rates of dry air in each stream are Saturated air
Ty =14°C
Vv, 50 m*/min V=50 m‘fmm\i/\\
My, = — = —————— = 60.5kg/min >

v, 0.826 m'/k air o — .
1 !IIJ gdfy . Mixing 3 @ Zj
. V, 20 m*/min ) Ao "
My =—=———————=17325 kg/min < _ 7

v, 0.889 m*/kg dry air
From the mass balance of dry air,

Mg, = My, + Mg, = (60.5 + 22.5) kg/min = 83 kg/min

The specific humidity and the enthalpy of the mixture can be determined
from Eq. 4-24,

My, @y — wy  hy— by

m, w3~ w  hy—h

60.5 0.0182 —w, 79.0 — hy

225 w,— 0010 h, —394 FIGURE 4-8
which }” eld Schematic and psychrometric chart for
w; = 0.0122 kg H,0/kg dry air Example 4-4
hy = 50.1 kl/kg dry air =
Lec. Hassan Rijabo
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These two properties fix the state of the mixture. Other properties of the
mixture are determined from the psychrometric chart:

T3 =19.0°C
¢ = 89%
V3 =0.844 m3/kg dry air
Finally, the volume flow rate of the mixture is determined from

V5 = 1, v; = (83 kg/min)(0.844 m’/kg) = 70.1 m*/min

) la
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