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14-2

Dry and Atmospheric Air: Specific and Relative Humidity

14-1C Dry air does not contain any water vapor, but atmospheric air does.

14-2C Yes; by cooling the air at constant pressure.

14-3C Yes.

14-4C Specific humidity will decrease but relative humidity will increase.

14-5C Yes, the water vapor in the air can be treated as an ideal gas because of its very low partial pressure.

14-6C The same. This is because water vapor behaves as an ideal gas at low pressures, and the enthalpy of an ideal gas
depends on temperature only.

14-7C Specific humidity is the amount of water vapor present in a unit mass of dry air. Relative humidity is the ratio of the
actual amount of vapor in the air at a given temperature to the maximum amount of vapor air can hold at that temperature.

14-8C The specific humidity will remain constant, but the relative humidity will decrease as the temperature rises in a
well-sealed room.

14-9C The specific humidity will remain constant, but the relative humidity will decrease as the temperature drops in a
well-sealed room.

14-10C A tank that contains moist air at 3 atm is located in moist air that is at 1 atm. The driving force for moisture transfer
is the vapor pressure difference, and thus it is possible for the water vapor to flow into the tank from surroundings if the
vapor pressure in the surroundings is greater than the vapor pressure in the tank.
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14-3

14-11C Insulations on chilled water lines are always wrapped with vapor barrier jackets to eliminate the possibility of
vapor entering the insulation. This is because moisture that migrates through the insulation to the cold surface will
condense and remain there indefinitely with no possibility of vaporizing and moving back to the outside.

14-12C When the temperature, total pressure, and the relative humidity are given, the vapor pressure can be determined
from the psychrometric chart or the relation P, = ¢P,,; Where Py, is the saturation (or boiling) pressure of water at the

specified temperature and ¢ is the relative humidity.

14-13 A tank contains dry air and water vapor at specified conditions. The specific humidity, the relative humidity, and the
volume of the tank are to be determined.

Assumptions The air and the water vapor are ideal gases.

Analysis (a) The specific humidity can be determined form its definition,

- M _03K3 _ 4 5143 Kg H,0/Kg dry air
m, 21kg
| _ 21 kg dry air
(b) The saturation pressure of water at 30°C is 0.3 kg H,0 vapor
Py = Pat@aoec =4.2469KkPa 138 k(I:Da
Then the relative humidity can be determined from

P (0.0143)(100 kPa)

_ - =52.9%
(0.622+w)P,  (0.622+0.0143)(4.2469 kPa)

¢

(c) The volume of the tank can be determined from the ideal gas relation for the dry air,

P, = P, = (0.529)(4.2469 kPa) = 2.245 kPa
P, = P—P, =100-2.245 = 97.755 kPa
_m,R,T  (21kg)(0.287 ki/kg - K)(303K)
TR 97.755kPa

v =18.7m?
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14-4

14-14 A tank contains dry air and water vapor at specified conditions. The specific humidity, the relative humidity, and the
volume of the tank are to be determined.

Assumptions The air and the water vapor are ideal gases.

Analysis (a) The specific humidity can be determined form its definition,

o= _93K3 4 6143kg H,0/Kg dry air
m, 21kg
21 kg dry air
(b) The saturation pressure of water at 24°C is 0.3 kg H,0 vapor
20°C
Py = Psar@20:c =2.339kPa 100 kPa
Then the relative humidity can be determined from

P _(0.0143)(100 kPa)

- = = 0.960 = 96.0%
(0622 + w)P,  (0.622 +0.0143)2.339 kPa

¢

(c) The volume of the tank can be determined from the ideal gas relation for the dry air,

P, = #P, = (0.960)(2.339 kPa) = 2.245 kPa

P, =P — P, =100 — 2.245=97.755 kPa

_ m,R,T _ (21kg)(0.287 ki/kg - K)(293K)
P 97.755kPa

a

v =18.1m°

14-15 A room contains air at specified conditions and relative humidity. The partial pressure of air, the specific humidity,
and the enthalpy per unit mass of dry air are to be determined.

Assumptions The air and the water vapor are ideal gases.

Analysis (a) The partial pressure of dry air can be determined from
P, = Py = Pt @ 20-c = (0.85)(2.3392kPa) = 1.988 kPa

AIR
P,=P-PR, =98-1.988 =96.01kPa 20°C
- - - . 98 kPa
(b) The specific humidity of air is determined from 85% RH

 0.622P,  (0.622)(L.988 kPa)

= =0.0129kg H,O/kg dry air
P-P,  (98-1.988)kPa g gdry

(c) The enthalpy of air per unit mass of dry air is determined from
h=h, +oh, =c T +oh
= (1.005 kJ/kg - °C)(20°C) + (0.0129)(2537.4 kJ/kg)
=52.78kJ/kgdry air
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14-5

14-16 A room contains air at specified conditions and relative humidity. The partial pressure of air, the specific humidity,
and the enthalpy per unit mass of dry air are to be determined.

Assumptions The air and the water vapor are ideal gases.

Analysis (a) The partial pressure of dry air can be determined from
P, = Py = Pt @ 20-c = (0.85)(2.3392kPa) = 1.988 kPa

AIR
P,=P-PR, =85-1.988=83.01kPa 20°C
- - . . 85 kPa
(b) The specific humidity of air is determined from 8506 RH

 0.622P,  (0.622)(L.988 kPa)
P-P, (85-1.988)kPa

=0.0149kg H,O/kg dry air

(c) The enthalpy of air per unit mass of dry air is determined from
h=h, +oh, =c, T +oh
= (1.005 kJ/kg - °C)(20°C) + (0.0149)(2537.4 kJ/kg)
=57.90kJ/kgdry air

14-17E A room contains air at specified conditions and relative humidity. The partial pressure of air, the specific humidity,
and the enthalpy per unit mass of dry air are to be determined.

Assumptions The air and the water vapor are ideal gases.

Analysis (a) The partial pressure of dry air can be determined from

P, =Py = Py @ssor = (0.60)(0.5966 psia) = 0.358 psia AIR
P, =P -P, =13.5-0.358=13.14 psia 85°F
13.5 psia
(b) The specific humidity of air is determined from 60% RH

_0.622P,  (0.622)(0.358 psia)
P-P, (13.5-0.358) psia

=0.0169 Ibm H,O/lbm dry air

(c) The enthalpy of air per unit mass of dry air is determined from
h=h, + oh, =c,T + ohy

=(0.24 Btu/lbm - °F)(85°F) + (0.0169)(1098.3 Btu/Ibm)
= 39.01 Btu/lbmdry air
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14-6

14-18 The masses of dry air and the water vapor contained in a room at specified conditions and relative humidity are to be
determined.

Assumptions The air and the water vapor are ideal gases.
Analysis The partial pressure of water vapor and dry air are determined to be
PV = ﬂDg = ¢PSE1'[@23°C = (050)(2811 kPa) = 141 kPa

P,=P-PR, =98-1.41=96.59 kPa ROOM

3
The masses are determined to be 240m
23°C

P.v 96.59 kPa)(240 m*® 98 kPa

=2 = ( X ) =272.9kg 50% RH

® R,T (0.287kPa-m’/kg-K)(296K)
RV (1.41kPa)(240m?) A
" RT (0.4615kPa-m3/kg- K)(296K)

7kg

14-19E Humid air is expanded in an isentropic nozzle. The amount of water vapor that has condensed during the process is
to be determined.

Assumptions The air and the water vapor are ideal gases.

Properties The specific heat ratio of air at room temperature is k = 1.4 (Table A-2a). The saturation properties of water are
to be obtained from water tables.

Analysis Since the mole fraction of the water vapor in this mixture is very small,

(k-1)/k . 0.4/1.4
P
T, =T1(—2J ~ (960 R)(lS ps'aj —606.LR
P

1 75 psia ] \
75 psia
We will assume that the air leaves the nozzle at a relative humidity 500°F A|R; 15 psia
of 100% (will be verified later). The vapor pressure and specific @=0.018 /

humidity at the outlet are then
PV,Z = ¢2 Pg’2 = ¢2 PS&'[@146.10F = (10)(3381 pSIa) = 3381 pSIa

_0622P,, (0.622)(3.381psia)

W, = —= =0.1811bm H,O/lbm dry air
P-P,, (15-3.381) psia

This is greater than the inlet specific humidity (0.018 Ibm/Ibm dry air), and thus there will be no condensation of water
vapor:

Aw=aw, —w, =0lbm H,0/Ibm dry air
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14-7

14-20 Humid air is compressed in an isentropic compressor. The relative humidity of the air at the compressor outlet is to
be determined.

Assumptions The air and the water vapor are ideal gases.

Properties The specific heat ratio of air at room temperature is k = 1.4 (Table A-2a). The saturation properties of water are
to be obtained from water tables.

Analysis At the inlet,
Po1=#1Py1 = 1Pt @20°c =(0.90)(2.3392kPa) = 2.105kPa

800 kPa

HL

_0.622P,;  (0.622)(2.105kPa)

Wy, =0 = =0.0134 kg H,O/kg dry air
P-P,, (100-2.105) kPa Humid air 3
Since the mole fraction of the water vapor in this mixture is very small, rK
(k=1)/k 0.4/1.4
P.
T, =T, 2 _ (203K 800KPa ~531K 100 kPa
Pl 100 kPa 20°C
The saturation pressure at this temperature is 90% RH
Pg’2 = PSat@ZSSOC = 4542 kPa (from EES)
The vapor pressure at the exit is
w,P,  (0.0134)(800) _16.87 KPa

V2 ) 10622 0.0134+0.622
The relative humidity at the exit is then

P
g, =2 1087 6037 - 0.37%

Py, 4542
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14-8

Dew-Point, Adiabatic Saturation, and Wet-bulb Temperatures

14-21C Dew-point temperature is the temperature at which condensation begins when air is cooled at constant pressure.

14-22C Andy’s. The temperature of his glasses may be below the dew-point temperature of the room, causing
condensation on the surface of the glasses.

14-23C The outer surface temperature of the glass may drop below the dew-point temperature of the surrounding air,
causing the moisture in the vicinity of the glass to condense. After a while, the condensate may start dripping down
because of gravity.

14-24C When the temperature falls below the dew-point temperature, dew forms on the outer surfaces of the car. If the
temperature is below 0°C, the dew will freeze. At very low temperatures, the moisture in the air will freeze directly on the
car windows.

14-25C When the air is saturated (100% relative humidity).

14-26C These two are approximately equal at atmospheric temperatures and pressure.

14-27 A house contains air at a specified temperature and relative humidity. It is to be determined whether any moisture
will condense on the inner surfaces of the windows when the temperature of the window drops to a specified value.

Assumptions The air and the water vapor are ideal gases.

Analysis The vapor pressure P, is uniform throughout the house, and its
value can be determined from

P, = #Py @ 25:c = (0.65)(3.1698 kPa) = 2.06 kPa

The dew-point temperature of the air in the house is

po = Tsat @P, ~ Tsat @2.06kPa = 18.0°C

That is, the moisture in the house air will start condensing when the temperature drops below 18.0°C. Since the windows
are at a lower temperature than the dew-point temperature, some moisture will condense on the window surfaces.
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14-9

14-28 A person wearing glasses enters a warm room at a specified temperature and relative humidity from the cold
outdoors. It is to be determined whether the glasses will get fogged.

Assumptions The air and the water vapor are ideal gases.

Analysis The vapor pressure P, of the air in the house is uniform

throughout, and its value can be determined from
P, = P, @2=-c =(0.55)(3.1698 kPa) =1.743 kPa %/1
voeeme 25°C 12°C
The dew-point temperature of the air in the house is ¢=55%

po =Tsat@Pv =Tsat@l.743kPa = 1530C (Table A'S or EES)

That is, the moisture in the house air will start condensing when the air temperature drops below 15.3°C. Since the glasses
are at a lower temperature than the dew-point temperature, some moisture will condense on the glasses, and thus they will
get fogged.

14-29 A person wearing glasses enters a warm room at a specified temperature and relative humidity from the cold
outdoors. It is to be determined whether the glasses will get fogged.

Assumptions The air and the water vapor are ideal gases.
Analysis The vapor pressure P, of the air in the house is uniform
throughout, and its value can be determined from
P, =Py @25ec = (0.30)(3.1698 kPa) = 0.9509 kPa W
25°C 12°C
The dew-point temperature of the air in the house is $=30%

po =Tsat @ Pv = Tsat@ogsog kPa = 620C (Table A'5 or EES)

That is, the moisture in the house air will start condensing when the air temperature drops below 6.2°C. Since the glasses
are at a higher temperature than the dew-point temperature, moisture will not condense on the glasses, and thus they will
not get fogged.

14-30E A woman drinks a cool canned soda in a room at a specified temperature and relative humidity. It is to be
determined whether the can will sweat.

Assumptions The air and the water vapor are ideal gases.

Analysis The vapor pressure P, of the air in the house is uniform
throughout, and its value can be determined from

P, = #Py @soer = (0.50)(0.50745 psia) = 0.254 psia 3
Cola
40°F

80°F
50% RH

The dew-point temperature of the air in the house is

po :Tsat@PV :Tsat@0.254psia =59.7°F (from EES)

That is, the moisture in the house air will start condensing when the air temperature drops below 59.7°C. Since the canned
drink is at a lower temperature than the dew-point temperature, some moisture will condense on the can, and thus it will
sweat.
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14-10

14-31 The dry- and wet-bulb temperatures of atmospheric air at a specified pressure are given. The specific humidity, the
relative humidity, and the enthalpy of air are to be determined.

Assumptions The air and the water vapor are ideal gases.

Analysis (a) We obtain the properties of water vapor from EES. The specific humidity « is determined from

_ Cp (T2 —Ty) + @rhtg,

2]
hgl - hf2
95 kPa
where T, is the wet-bulb temperature, and w, is determined from 25°C
Twp = 17°C
0.622P, wo
w, = 92 _ (0.622)1.938KPa) _ ) 11505 kg H,Olkg dry air
P, =Py, (95-1.938) kPa
Thus,
o = (1.005 kJ/kg - °C)(17 — 25)°C + (0.01295)(2460.6 kJ/kg) _ 0.00963 kg H ,0/kg dry air

! (2546.5 — 71.36) ki/kg

(b) The relative humidity ¢ is determined from

~ o,P, ~ (0.00963)(95 kPa)
(0.622 + )Py (0.622 +0.00963)(3.1698 kPa)

& =0.457 or 45.7%

(c) The enthalpy of air per unit mass of dry air is determined from
hy =hy +@hy =c, T +@hgy = (1.005kI/kg -°C)(25°C) + (0.00963)(2546.5 kJ/kg)
=49.65kJ/kgdry air
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14-11

14-32 The dry- and wet-bulb temperatures of air in room at a specified pressure are given. The specific humidity, the
relative humidity, and the dew-point temperature are to be determined.

Assumptions The air and the water vapor are ideal gases.

Analysis (a) We obtain the properties of water vapor from EES. The specific humidity o, is determined from

_ Cp (T2 —Ty) + @rhtg,

2]
hgl - hf2
) ) ) 100 kPa
where T, is the wet-bulb temperature, and w, is determined from 26°C
0.622P, Twp = 21°C
Wy = o2 _ (0.622)(2488KPa) _ ) 56719 1 ,Olkg dry air
P, —Py,  (100-2.488) kPa
Thus,
o — (2.005 kJ/kg - °C)(21 - 26)°C + (0.01587)(2451.2 kJ/kg) —0.01377 kg H,,Ofkg dry air

! (2548.3 — 88.10) ki/kg

(b) The relative humidity ¢ is determined from

o, P, ~ (0.01377)(100 kPa)

- - =0.644 or 64.4%
(0.622+ )Py  (0.622 + 0.01377)(3.3638 kPa)

h
(c) The vapor pressure at the inlet conditions is
Pi = #1Py1 = 1 Piat @ 26°c = (0.644)(3.3638 kPa) = 2.166 kPa

Thus the dew-point temperature of the air is

po :Tsat@Pv :Tsat@2.166 kPa =18.8°C
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14-12

14-33 EES Problem 14-32 is reconsidered. The required properties are to be determined using EES at 100 and 300 kPa
pressures.

Analysis The problem is solved using EES, and the solution is given below.

Tdb=26 [C]
Twb=21 [C]
P1=100 [kPa]
P2=300 [kPa]

hl=enthalpy(AirH20,T=Tdb,P=P1,B=Twb)
vl=volume(AirH20,T=Tdb,P=P1,B=Twb)
Tdpl=dewpoint(AirH20,T=Tdb,P=P1,B=Twhb)
wl=humrat(AirH20,T=Tdb,P=P1,B=Twb)
Rhl=relhum(AirH20,T=Tdb,P=P1,B=Twb)

h2=enthalpy(AirH20,T=Tdb,P=P2,B=Twb)
v2=volume(AirH20,T=Tdb,P=P2,B=Twb)
Tdp2=dewpoint(AirH20,T=Tdb,P=P2,B=Twhb)
w2=humrat(AirH20,T=Tdb,P=P2,B=Twb)
Rh2=relhum(AirH20,T=Tdb,P=P2,B=Twb)

SOLUTION
h1=61.25 [kJ/kg]
h2=34.16 [kJ/kg]
P1=100 [kPa]
P2=300 [kPa]
Rh1=0.6437
Rh2=0.4475
Tdb=26 [C]
Tdp1=18.76
Tdp2=13.07
Twh=21 [C]
v1=0.8777 [m"3/kg]
v2=0.2877 [m"3/kg]
w1=0.01376 [kg/kg]
w2=0.003136 [kg/kg]

Alternative Solution

The following EES routine can also be used to solve this problem. The above EES routine uses built-in psychrometric
functions whereas the one blow uses analytical expressions together with steam properties.

"Given"

T _db=26 [C]
T wb=21[C]
P=100 [kPa]

"Properties”

Fluid$='steam_iapws'
P_gl=pressure(Fluid$, T=T db, x=1)
P_g2=pressure(Fluid$, T=T_wb, x=1)
h_gl=enthalpy(Fluid$, T=T_db, x=1)
h_g2=enthalpy(Fluid$, T=T_wb, x=1)
h_f2=enthalpy(Fluid$, T=T_wb, x=0)
h_fg2=h_g2-h_f2

c_p=1.005 [kJ/kg-C] "for air"
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14-13
"Analysis"
Il(a)ll
w_2=(0.622*P_g2)/(P-P_g2) "kg H2O/kg dry air"
w_1=(c_p*(T_wb-T_db)+w_2*h_fg2)/(h_gl-h_f2)
Il(b)ll
phi_1=(w_1*P)/((0.622+w_1)*P_g1)
II(C)II
P_vl=phi_1*P_g1
T_dp=temperature(Fluid$, P=P_v1, x=1)

SOLUTION
¢_p=1.005 [kJ/kg-C]
Fluid$='steam_iapws'
h_f2=88.1 [kJ/kg]
h_fg2=2451.2 [kJ/kg]
h_g1=2548.3 [kJ/kg]
h_g2=2539.3 [kJ/kg]
P=100 [kPa]
phi_1=0.6439
P_g1=3.3638 [kPa]
P_g2=2.488 [kPa]
P_v1=2.166 [kPa]
T_db=26 [C]
T_dp=18.8 [C]

T _wb=21[C]
w_1=0.01377
w_2=0.01587
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14-14

14-34E The dry- and wet-bulb temperatures of air in room at a specified pressure are given. The specific humidity, the
relative humidity, and the dew-point temperature are to be determined.

Assumptions The air and the water vapor are ideal gases.

Analysis (a) The specific humidity  is determined from

Cp(T2 —Ty) + wsohgg, 14.7 psia
@ = 80°F
o2 Tup = 65°F
wh —

where T, is the wet-bulb temperature, and w, is determined from

o = 0.622Py;,  (0.622)(0.30578 psia)
27 p, -Py;  (14.7-0.30578) psia

=0.013211bm H,O/Ibmdry air

Thus,

o (0.24 Btu/lbm - °F)(65 — 80)°F + (0.01321)(1056.5 Btu/lbm)

= 0.00974 Ibm H,O/lbm dry air
(1096.1-33.08) Btu/lbm

(b) The relative humidity ¢ is determined from

_ Py B (0.00974)(14.7 psia)
(0.622 + )Py, (0.622 +0.00974)(0.50745 psia)

& =0.447 or 44.7%

(c) The vapor pressure at the inlet conditions is
Pa = 1Py1 = 1Pt @7oor = (0.447)(0.50745 psia) = 0.2268 psia

Thus the dew-point temperature of the air is

po = Tsat@ P, = Tsat@0.2268 psia = 56.6°F (from EES)
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14-15

14-35 Atmospheric air flows steadily into an adiabatic saturation device and leaves as a saturated vapor. The relative
humidity and specific humidity of air are to be determined.

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire
process (rm, =m,, =m,).2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are

negligible.

Analysis The exit state of the air is completely specified, and the total pressure is 98 kPa. The properties of the moist air at
the exit state may be determined from EES to be

h, =78.11kJ/kg dry air _ Water
®, =0.02079 kg H,O/kg dry air 250C
The enthalpy of makeup water is T Humidifier
h,2 =h¢gosec =104.83kJ/Kk Table A-4
w2 = Ni@ 250C g ( ) 35°C AIR
An energy balance on the control volume gives 98 kPa —

hy + (@, —e,)h, =h,
h, +(0.02079 — w, )(104.83 kJ/kg) = 78.11kJ/kg

Pressure and temperature are known for inlet air. Other properties may be determined from this equation using EES. A
hand solution would require a trial-error approach. The results are

h, =77.66 ki/kg dry air

@, =0.01654 kg H,O/kg dry air

# =0.4511
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14-16

Psychrometric Chart

14-36C They are very nearly parallel to each other.

14-37C The saturation states (located on the saturation curve).

14-38C By drawing a horizontal line until it intersects with the saturation curve. The corresponding temperature is the
dew-point temperature.

14-39C No, they cannot. The enthalpy of moist air depends on o, which depends on the total pressure.

14-40 The pressure, temperature, and relative humidity of air in a room are specified. Using the psychrometric chart,
the specific humidity, the enthalpy, the wet-bulb temperature, the dew-point temperature, and the specific volume of the air
are to be determined.

Analysis From the psychrometric chart (Fig. A-31) we read
(a) »=0.0087 kg H,O/kg dry air
(b) h=45.4kJ/kgdryair
(©) T, =16.3°C
(d) Ty, =12.0C

(e) v=0.851m*/kgdryair
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13
14-41 E Problem 14-40 is reconsidered. The required properties are to be determined using EES. Also, the properties
are to be obtained at an altitude of 2000 m.

Analysis The problem is solved using EES, and the solution is given below.

Tdb=23 [C]

Rh=0.50

P1=101.325 [kPa]

Z =2000 [m]

P2=101.325%(1-0.02256*Z*convert(m,km))"*5.256 "Relation giving P as a function of altitude"

h1=enthalpy(AirH20,T=Tdb,P=P1,R=Rh)
v1=volume(AirH20,T=Tdb,P=P1,R=Rh)
Tdp1=dewpoint(AirH20,T=Tdb,P=P1,R=Rh)
w1=humrat(AirH20,T=Tdb,P=P1,R=Rh)
Twb1=wetbulb(AirH20,T=Tdb,P=P1,R=Rh)

h2=enthalpy(AirH20,T=Tdb,P=P2,R=Rh)
v2=volume(AirH20,T=Tdb,P=P2,R=Rh)
Tdp2=dewpoint(AirH20,T=Tdb,P=P2,R=Rh)
w2=humrat(AirH20,T=Tdb,P=P2,R=Rh)
Twb2=wetbulb(AirH20,T=Tdb,P=P2,R=Rh)

SOLUTION
h1=45.4 [kJ/kg]
h2=51.62 [kJ/kg]
P1=101.3 [kPa]
P2=79.49 [kPa]
Rh=0.5

Tdb=23 [C]
Tdpl1=12.03 [C]
Tdp2=12.03 [C]
Twhb1=16.25 [C]
Twh2=15.67 [C]
v1=0.8507 [m"3/kg]
v2=1.089 [m"3/kg]
w1=0.008747 [kg/kg]
w2=0.01119 [kg/kg]
Z=2000 [m]

Discussion The atmospheric pressure for a given elevation can also be obtained from Table A-16 of the book.
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14-42 The pressure and the dry- and wet-bulb temperatures of air in a room are specified. Using the psychrometric chart,
the specific humidity, the enthalpy, the relative humidity, the dew-point temperature, and the specific volume of the air are
to be determined.

Analysis From the psychrometric chart (Fig. A-31) we read
(a) »=0.0092kgH,0O/kgdryair
(b) h=47.6KkJ/kgdryair
(c) ¢=49.6%
(d) T4 =12.8°C

(e) v=0.855m*/kgdry air

13
14-43 E Problem 14-42 is reconsidered. The required properties are to be determined using EES. Also, the properties
are to be obtained at an altitude of 3000 m.

Analysis The problem is solved using EES, and the solution is given below.

Tdb=24 [C]

Twb=17 [C]

P1=101.325 [kPa]

Z =3000 [m]

P2=101.325%(1-0.02256*Z*convert(m,km))"5.256 "Relation giving P as function of altitude"

h1=enthalpy(AirH20,T=Tdb,P=P1,B=Twb)
v1=volume(AirH20,T=Tdb,P=P1,B=Twb)
Tdp1=dewpoint(AirH20,T=Tdb,P=P1,B=Twb)
w1=humrat(AirH20,T=Tdb,P=P1,B=Twb)
Rh1=relhum(AirH20,T=Tdb,P=P1,B=Twb)

h2=enthalpy(AirH20,T=Tdb,P=P2,B=Twb)
v2=volume(AirH20,T=Tdb,P=P2,B=Twb)
Tdp2=dewpoint(AirH20,T=Tdb,P=P2,B=Twb)
w2=humrat(AirH20,T=Tdb,P=P2,B=Twb)
Rh2=relhum(AirH20,T=Tdb,P=P2,B=Twb)

SOLUTION
h1=47.61 [kJ/kg] h2=61.68 [kJ/kg]
P1=101.3 [kPa] P2=70.11 [kPa]
Rh1=0.4956 Rh2=0.5438
Tdb=24[C] Tdp1=12.81 [C]
Tdp2=14.24 [C] Twb=17 [C]

v1=0.8542 [m"3/kg] v2=1.245 [m"3/kg]
w1=0.009219 [kg/kg] w2=0.01475 [kg/kg]
Z=3000 [m]

Discussion The atmospheric pressure for a given elevation can also be obtained from Table A-16 of the book.
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14-44E The pressure, temperature, and relative humidity of air are specified. Using the psychrometric chart, the wet-bulb
temperature, specific humidity, the enthalpy, the dew-point temperature, and the water vapor pressure are to be determined.

Analysis From the psychrometric chart in Fig. A-31E or using EES psychrometric functions we obtain

@) T, =81.6°C

(b) @ =0.0214IbmH,O/lbmdry air Air

1 atm
(c) h=45.2Btu/lomdry air 90°F

0,
(d) T4 =78.9F 0% RH

(6) P, =¢Py = #Pyy @ oo = (0.70)(0.69904 psia) = 0.489 psia

14-45 The pressure, temperature, and wet-bulb temperature of air are specified. Using the psychrometric chart, the relative
humidity, specific humidity, the enthalpy, the dew-point temperature, and the water vapor pressure are to be determined.

Analysis From the psychrometric chart in Fig. A-31 or using EES psychrometric functions we obtain
(@) ¢=0.242=24.2%

(b) @=0.0072kg H,0O/kg dry air Air

1 atm
(c) h=50.6kJ/kgdryair 320C
(d) Ty =9.1°C Tun=18°C

(€) P, =P, = Py @asc = (0.242)(4.760 kPa) = 1.15kPa
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14-46 The pressure, temperature, and wet-bulb temperature of air are specified. The adiabatic saturation temperature is to
be determined.

Analysis For an adiabatic saturation process, we obtained Eq. 14-14 in the text,

3 Cp(Tz —T1)+a’2hfgz

@y = Water
hg —Nys |
This requires a trial-error solution for the adiabatic saturation m Humidifier
temperature, T,. The inlet state properties are latm AIR =
32°C —

@, =0.0072kg H,O/ kg dry air T,,=18°C

hyr = g @az-c = 2559.2 ki/kg

As a first estimate, let us take T, =18°C (the inlet wet-bulb temperature). Also, at the exit, the relative humidity is 100%
(¢, =1) and the pressure is 1 atm. Other properties at the exit state are

w, =0.0130 kg H,0O/ kg dry air

hi, =h¢ @1gec = 75.54kl/kg (Table A-4)

htg2 =htg@18-c =2458.3kI/kg (Table A-4)
Substituting,

_% (Ty —Ty) +wyh g, _ (1.005)(18-32) +(0.0130)(2458.3)
hg —hi, 2559.2 — 75.54

o) =0.00720 kg H,O/ kg dry air

which is equal to the inlet specific humidity. Therefore, the adiabatic saturation temperature is
T,=18°C

Discussion This result is not surprising since the wet-bulb and adiabatic saturation temperatures are approximately equal to
each other for air-water mixtures at atmospheric pressure.

14-47E The pressure, temperature, and wet-bulb temperature of air are specified. Using the psychrometric chart, the relative
humidity, specific humidity, the enthalpy, the dew-point temperature, and the water vapor pressure are to be determined.

Analysis From the psychrometric chart in Fig. A-31E or using EES psychrometric functions we obtain
(a) ¢=0.615=61.5%

(b) @=0.01881bomH,O/lomdry air Air

. 1atm
(c) h=42.3Btu/lbmdry air 90°F
(d) Ty =78.9°F Tgp=75°F

(e P, = Py = Par@osec = (0.615)(0.69904 psia) = 0.430 psia
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14-48E The pressure, temperature, and wet-bulb temperature of air are specified. The adiabatic saturation temperature is to
be determined.

Analysis For an adiabatic saturation process, we obtained Eq. 14-14 in the text,

3 Cp(Tz —T1)+a’2hfgz

Wy =
hg =y, L Water
This requires a trial-error solution for the adiabatic saturation mHumidifier
temperature, T,. The inlet state properties are 1 atm =
», =0.0188Ibm H,0/Ibmdryair (Fig. A-31E) 90°F — 100%

Tg=T5°F

hg1 =hg @go-r =1100.4 Btu/lbm (Table A-4E)

As a first estimate, let us take T, =78.9°F ~ 79°F (the inlet wet-bulb temperature). Also, at the exit, the relative humidity is
100% (¢, =1) and the pressure is 1 atm. Other properties at the exit state are

@, =0.02151bmH,0O/lbmdry air

h¢, =h¢ g79op = 47.07 Btu/lbm (Table A -4E)

htg2 =Nty @7e-r =1048.6 Btu/lom (Table A - 4E)
Substituting,

_% (T —Ty) +wyh g _ (0.240)(79-90) +(0.0215)(1048.6)
hgs —his 1100.4—47.07

o =0.0189 Iom H,O/ Ibmdry air

which is sufficiently close to the inlet specific humidity (0.0188). Therefore, the adiabatic saturation temperature is
T, = 79°F

Discussion This result is not surprising since the wet-bulb and adiabatic saturation temperatures are approximately equal to
each other for air-water mixtures at atmospheric pressure.
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14-22

Human Comfort and Air-Conditioning

14-49C It humidifies, dehumidifies, cleans and even deodorizes the air.

14-50C (a) Perspires more, (b) cuts the blood circulation near the skin, and (c) sweats excessively.

14-51C It is the direct heat exchange between the body and the surrounding surfaces. It can make a person feel chilly in
winter, and hot in summer.

14-52C It affects by removing the warm, moist air that builds up around the body and replacing it with fresh air.

14-53C The spectators. Because they have a lower level of activity, and thus a lower level of heat generation within their
bodies.

14-54C Because they have a large skin area to volume ratio. That is, they have a smaller volume to generate heat but a
larger area to lose it from.

14-55C It affects a body’s ability to perspire, and thus the amount of heat a body can dissipate through evaporation.

14-56C Humidification is to add moisture into an environment, dehumidification is to remove it.

14-57C The metabolism refers to the burning of foods such as carbohydrates, fat, and protein in order to perform the
necessary bodily functions. The metabolic rate for an average man ranges from 108 W while reading, writing, typing, or
listening to a lecture in a classroom in a seated position to 1250 W at age 20 (730 at age 70) during strenuous exercise. The
corresponding rates for women are about 30 percent lower. Maximum metabolic rates of trained athletes can exceed 2000
W. We are interested in metabolic rate of the occupants of a building when we deal with heating and air conditioning
because the metabolic rate represents the rate at which a body generates heat and dissipates it to the room. This body heat
contributes to the heating in winter, but it adds to the cooling load of the building in summer.

14-58C The metabolic rate is proportional to the size of the body, and the metabolic rate of women, in general, is lower
than that of men because of their smaller size. Clothing serves as insulation, and the thicker the clothing, the lower the
environmental temperature that feels comfortable.
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14-59C Sensible heat is the energy associated with a temperature change. The sensible heat loss from a human body
increases as (a) the skin temperature increases, (b) the environment temperature decreases, and (c) the air motion (and thus
the convection heat transfer coefficient) increases.

14-60C Latent heat is the energy released as water vapor condenses on cold surfaces, or the energy absorbed from a warm
surface as liquid water evaporates. The latent heat loss from a human body increases as (a) the skin wetness increases and
(b) the relative humidity of the environment decreases. The rate of evaporation from the body is related to the rate of latent

heat 10ss by Qe = MyaporNg Where hyg is the latent heat of vaporization of water at the skin temperature.

14-61 A department store expects to have a specified number of people at peak times in summer. The contribution of
people to the sensible, latent, and total cooling load of the store is to be determined.

Assumptions There is a mix of men, women, and children in the classroom.

Properties The average rate of heat generation from people doing light work is 115 W, and 70% of is in sensible form (see
Sec. 14-6).

Analysis The contribution of people to the sensible, latent, and total cooling load of the store are
Qpeop,e’ wotal = (NO.0Of people) x Qperson,total =245x (115W) = 28,180 W
Qpeople,sensible = (NO.Of People) x Qperson sensibte = 245 % (0.7 x115 W) =19,720 W
Qpeople, tatent = (NO. OF PEOPI€) X Qerson. tatent = 245 x (0.3 x115 W) = 8450 W

14-62E There are a specified number of people in a movie theater in winter. It is to be determined if the theater needs to be
heated or cooled.

Assumptions There is a mix of men, women, and children in the classroom.

Properties The average rate of heat generation from people in a movie theater is 105 W, and 70 W of it is in sensible form
and 35 W in latent form.

Analysis Noting that only the sensible heat from a person contributes to the heating load of a building, the contribution of
people to the heating of the building is

Queople,sensible = (NO. OF people) x Qperson. sensible = 500 x (70 W) = 35,000 W = 119,420 Btu/h

since 1 W = 3.412 Btu/h. The building needs to be heated since the heat gain from people is less than the rate of heat loss of
130,000 Btu/h from the building.
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14-63 The infiltration rate of a building is estimated to be 0.9 ACH. The sensible, latent, and total infiltration heat loads of
the building at sea level are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The air infiltrates at the outdoor conditions, and exfiltrates at the indoor
conditions. 3 Excess moisture condenses at room temperature of 24°C. 4 The effect of water vapor on air density is
negligible.

Properties The gas constant and the specific heat of air are R = 0.287 kPa.m%kg.K and Cp, = 1.005 kJ/kg-°C (Table A-2).
The heat of vaporization of water at 24°C is hgy =N, @ 2sec =2444.1kJ/kg (Table A-4). The properties of the ambient and

room air are determined from the psychrometric chart (Fig. A-31) to be

Tambient = 38°C

¢ambient =35% } ambient g/kg dry

Toom =24°C

P } W,oom = 0.01024 kg/kg dryair
room —

Analysis Noting that the infiltration of ambient air will cause the air in the cold storage room to be changed 0.9 times every
hour, the air will enter the room at a mass flow rate of
Py 101.325 kPa

- - =1.135kg/m?
Pambient = T (0287 kPam3/kg.K)(38 + 273 K)

Mair = PambientVioom ACH = (1.135 kg/m*)(20x 13x 3m*)(0.9h ) = 797.0 kg/h = 0.2214 kg/s
Then the sensible, latent, and total infiltration heat loads of the room are determined to be
Qinﬁmationvsensibm =M, Cp (Tambient — Troom) = (0.2214 kg/s)(1.005 kJ/kg.°C)(38 — 24)°C = 3.11 kW
Qinﬁmaﬁon’ tatent = Mair Wambient — Wroom )N fg = (0.2214 kg/s)(0.01458 — 0.01024)(2444.1 kd/kg) = 2.35 KW
Qinfiltration, total = Qinﬁltration, sensible + Qinfiltration, latent = 3-11+2.35="5.46 KW

Discussion The specific volume of the dry air at the ambient conditions could also be determined from the psychrometric
chart at ambient conditions.
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14-64 The infiltration rate of a building is estimated to be 1.8 ACH. The sensible, latent, and total infiltration heat loads of
the building at sea level are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The air infiltrates at the outdoor conditions, and exfiltrates at the indoor
conditions. 3 Excess moisture condenses at room temperature of 24°C. 4 The effect of water vapor on air density is
negligible.

Properties The gas constant and the specific heat of air are R = 0.287 kPa.m%kg.K and Cp, = 1.005 kJ/kg-°C (Table A-2).
The heat of vaporization of water at 24°C is hgy =N, @ 2sec =2444.1kJ/kg (Table A-4). The properties of the ambient and
room air are determined from the psychrometric chart (Fig. A-31) to be

Tambient = 38°C

¢ambient =35% } ambient g/kg dry

Toom =24°C

P } W,oom = 0.01024 kg/kg dryair
room —

Analysis Noting that the infiltration of ambient air will cause the air in the cold storage room to be changed 1.8 times every
hour, the air will enter the room at a mass flow rate of
Py 101.325 kPa

- - =1.135kg/m?
Pambient = T (0287 kPam3/kg.K)(38 + 273 K)

Mair = PambientVioom ACH = (1.135kg/m?)(20x 13x 3m*3)(1.8 h ™) =1594 kg/h = 0.4427 kg/s
Then the sensible, latent, and total infiltration heat loads of the room are determined to be
Qinﬂmtionvsensib,e =M, Cp (Tambient — Troom) = (0.4427 kg/s)(1.005 kJ/kg.°C)(38 — 24)°C = 6.23 kW
Qinﬁmaﬁon’ tatent = Mair Wambient — Wroom JN fg = (0.4427 kg/s)(0.01458 — 0.01024)(2444.1 kJ/kg) = 4.69 KW
Qinfiltration, total = Qinﬁltration,sensible + Qinfiltration, tatent = 6.23+4.69 =10.92kW

Discussion The specific volume of the dry air at the ambient conditions could also be determined from the psychrometric
chart at ambient conditions.

14-65 An average person produces 0.25 kg of moisture while taking a shower. The contribution of showers of a family of
four to the latent heat load of the air-conditioner per day is to be determined.

Assumptions All the water vapor from the shower is condensed by the air-conditioning system.
Properties The latent heat of vaporization of water is given to be 2450 kJ/kg.
Analysis The amount of moisture produced per day is
Myapor = (Moisture produced per person)(No. of persons)
= (0.25 kg / person)(4 persons/ day) =1 kg / day
Then the latent heat load due to showers becomes

Quatent = MyaporNy = (1 kg / day)(2450 kJ / kg) = 2450 kJ / day
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14-66 There are 100 chickens in a breeding room. The rate of total heat generation and the rate of moisture production in
the room are to be determined.
Assumptions All the moisture from the chickens is condensed by the air-conditioning system.

Properties The latent heat of vaporization of water is given to be 2430 kJ/kg. The average metabolic rate of chicken during
normal activity is 10.2 W (3.78 W sensible and 6.42 W latent).

Analysis The total rate of heat generation of the chickens in the breeding room is

Qgen, total = gen, total (NO. OF chickens) = (10.2 W/ chicken)(100 chickens) = 1020 W

The latent heat generated by the chicken and the rate of moisture production are

Qgen,latent = Qgen, latent (NO- of ChiCkenS)
= (6.42 Wichicken)(100 chickens) = 642 W
=0.642 kW

" _ Qgen, latent _ 0.642 ki/s =0.000264 kg/s=0.2649/s

moisture hfg " 2430kJ/ kg
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14-27

Simple Heating and Cooling

14-67C Relative humidity decreases during a simple heating process and increases during a simple cooling process.
Specific humidity, on the other hand, remains constant in both cases.

14-68C Because a horizontal line on the psychrometric chart represents a o = constant process, and the moisture content o
of air remains constant during these processes.

14-69 Humid air at a specified state is cooled at constant pressure to the dew-point temperature. The cooling required for
this process is to be determined.

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire
process (M, =m,, =m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are
negligible.

Analysis The amount of moisture in the air remains constant (w1 = @) as it flows through the cooling section since the

process involves no humidification or dehumidification. The inlet and exit states of the air are completely specified, and the
total pressure is 1 atm. The properties of the air at the inlet state are determined from the psychrometric chart (Figure A-31)

to be
h, =71.3kJ/kg dry air
@, =0.0161kg H,O/kg dry air (= w,)
Typs =21.4°C
The exit state enthalpy is 30°C 100% RH
— —_ @
P =1atm 60% RH
1 atm AIR
T, =Tgp1 = 21.4°C | h, =62.4kJ/kg dry air
¢, =1

From the energy balance on air in the cooling section,
Qout =y —h, =71.3-62.4=8.9kJ/kg dry air
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14-28
14-70E Humid air at a specified state is heated at constant pressure to a specified temperature. The relative humidity at the
exit and the amount of heat required are to be determined.

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire
process (m, =my, =m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are
negligible.

Analysis The amount of moisture in the air remains constant (o ; = @) as it flows through the heating section since the
process involves no humidification or dehumidification. The inlet state of the air is completely specified, and the total
pressure is 40 psia. The properties of the air at the inlet and exit states are determined to be

Pu = #1Pg1 = ¢ Piat @50k = (0.90)(0.17812 psia) = 0.16031 psia

hg1 =g @s0-r =1083.1Btu/lbm T T
0.622P, 0.622(0.16031psia)
@ = - - @
P,-P,  (40-0.16031) psia
S0°F — —> 120°F
=0.0025031bm H,O/Ibm dry air 90% RH s0psia AR

h = CpT1 + a)lhgl

= (0.240 Btu/lbm - °F)(50°F) + (0.002503)(1083.1 Btu/Ibm) = 14.71 Btu/lbom dry air
P,, =P, =0.16031psia
Pg2 = Pt @120°F =1.6951psia
P,» 0.16031psia

9, =—== — =0.0946 =9.46%
Py2  1.6951psia
hg2 =hg @120F =1113.2 Btu/lbm
a)z = a)l

= (0.240 Btu/Ibm- °F)(120°F) + (0.002503)(1113.2 Btu/lbm) = 31.59 Btu/Ibm dry air
From the energy balance on air in the heating section,

Qin =h, —h; =31.59-14.71=16.9 Btu/lbm dry air
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14-29

14-71 Air enters a cooling section at a specified pressure, temperature, velocity, and relative humidity. The exit
temperature, the exit relative humidity of the air, and the exit velocity are to be determined.

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire
process (m, =m,, =m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are
negligible.

Analysis (a) The amount of moisture in the air remains constant (w1 = w») as it flows through the cooling section since the
process involves no humidification or dehumidification. The inlet state of the air is completely specified, and the total

pressure is 1 atm. The properties of the air at the inlet state are determined from the psychrometric chart (Figure A-31 or
EES) to be

h, =76.14 kJ/kg dry air
@, =0.01594 kg H,0/kg dry air (= @,) 750 kJ/min
v, =0.8953m* / kg dry air T T

The mass flow rate of dry air through the cooling section is
35°C
s Ly @© 5% — — @
ma - lAl 18
v m/s 1 atm AIR

1
~(0.8953m*® /kg)
=1.421kg/s

(18 m/s)(x x 0.32/4m?)

From the energy balance on air in the cooling section,

- Qout = ma(hz - hl)
—(750/60) kd/s = (1.421kg/s)(h, — 76.14) ki/kg
h, =67.35kJ/kg dry air

(b) The exit state of the air is fixed now since we know both h, and @,. From the psychrometric chart at this state we read

T, =26.5°C
, =73.1%
v, =0.8706 m* / kg dry air
(c) The exit velocity is determined from the conservation of mass of dry air,

. . v, v, V,A VA
Mg =Mgp —>—=—"—"">—"—"=—"—

(22 v Y2
Vv, = ﬁvl = M(18 m/s)=17.5 m/s
v 0.8953
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14-30

14-72 Air enters a cooling section at a specified pressure, temperature, velocity, and relative humidity. The exit
temperature, the exit relative humidity of the air, and the exit velocity are to be determined.

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire
process (m, =m,, =m,).2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are
negligible.

Analysis (a) The amount of moisture in the air remains constant (w1 = w») as it flows through the cooling section since the
process involves no humidification or dehumidification. The inlet state of the air is completely specified, and the total

pressure is 1 atm. The properties of the air at the inlet state are determined from the psychrometric chart (Figure A-31 or
EES) to be

h, =76.14 kJ/kg dry air
@, =0.01594 kg H,0O/kg dry air (= @,) 1100 kJ/min
v, =0.8953m? / kg dry air

The mass flow rate of dry air through the cooling section is 5oC

3
a1 @ % — — @
M, :U—llel 18 mis 1atm AIR
~ 1
(0.8953m? / kg)
=1.421kg/s

(18 m/s)(x x 0.32/4m?)

From the energy balance on air in the cooling section,

- Qout = ma (h2 - hl)
—(1100/60) kd/s = (1.421kg/s)(h, — 76.14) ki/kg
h, =63.24 ki/kg dry air

(b) The exit state of the air is fixed now since we know both h, and @,. From the psychrometric chart at this state we read

T, =22.6°C
, =92.6%
v, =0.8591m3 / kg dry air
(c) The exit velocity is determined from the conservation of mass of dry air,

o v v, V,A V,A
My =My —>—=—"—">——=—"—

Ul V2 Ul UZ
v, =22y, = 289 15 ns) =173 s
v, 10,8953
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14-31

14-73 Saturated humid air at a specified state is heated to a specified temperature. The relative humidity at the exit and the
rate of heat transfer are to be determined.

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire
process (M, =m,, =m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are
negligible.

Analysis The amount of moisture in the air remains constant (w1 = @») as it flows through the heating section since the
process involves no humidification or dehumidification. The inlet state of the air is completely specified, and the total
pressure is 200 kPa. The properties of the air at the inlet and exit states are determined to be

Pu = #1Py1 = # Pt @isec = (1.0)(L.7057 kPa) =1.7057 kPa
hgl = hg @15°C = 25283 kJ/kg

P, =P, — P, =200-1.7057 =198.29 kPa Heating
coils
RaTl
Vi =—— o
@ 100% RH -~ @

_ (0.287kPa-m® / kg - K)(288 K)
B 198.29 kPa

=0.4168m3 / kg dry air

20 m/s 200 kPa AIR

_0.622P,  0.622(L.7057 kPa)
"~ P,-P; (200-1.7057) kPa

o =0.005350 kg H,O/kg dry air

hy = ¢, Ty +@ihy; = (1.005 ki/kg -°C)(15°C) + (0.005350)(2528.3 ki/kg) = 28.60 ki/kg dry air

P,, =P, =1.7057 kPa
P2 = Pat@aoec = 42469 kPa
P, 1.7057kPa

g, =2 = =005 0 400 — 40.2%
P,, 4.2469kPa

hgz = hg @30°C = 2555.6 k\]/kg

Wy =,

h,=c pl2+ a)zhg2 = (1.005 kJ/kg - °C)(30°C) + (0.005350)(2555.6 kJ/kg) = 43.82 ki/kg dry air
Then,

: D? . 2
U, =V, A, =V, ”4 = (20 m/s)[@] =0.02513m%/s

V‘ 3
hl 0.02513m* /s — 0.06029 kg/s

v;  0.4168m3/ kg dry air

m

From the energy balance on air in the heating section,

Q,, =, (h, —h,) = (0.06029 kg/s)(43.82 - 28.60)kJ/kg = 0.918 KW
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14-32

14-74 Saturated humid air at a specified state is heated to a specified temperature. The rate at which the exergy of the
humid air is increased is to be determined.

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire
process (M, =m,, =m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are

negligible.

Analysis The amount of moisture in the air remains constant (w1 = @») as it flows through the heating section since the
process involves no humidification or dehumidification. The inlet state of the air is completely specified, and the total
pressure is 200 kPa. The properties of the air at the inlet and exit states are determined to be

Pu =#1Pg1 = #1 P @1sec = (1.0)(1.7057 kPa) =1.7057 kPa
hg1 =hg @1sec =2528.3kI/kg

Sq1 =Sg@isec =8.7803k/kg-K T T
P =P —P,; =200-1.7057 =198.29 kPa

3 L5C 30°C
R,T . . : i
v, = Ral1 _ (0.287 kPa-m* / kg-K)(288K) _ 0.4168 m® / kg dry air 100% RH @
Pa 198.29 kPa 200kPa  AIR
0.622 P, . . i
o = w _ 0.622(1.7057KPa) _ o ocars kg H ,0fkg dry air

P-P, (200-1.7057)kPa
hy =c, T, +@3hy; = (1.005 ki/kg - °C)(15°C) + (0.005350)(2528.3 ki/kg) = 28.60 ki/kg dry air

P,, =P, =1.7057 kPa
sz = PS&I@3O°C = 42469 kPa

P, _1.7057kPa

P2 =5, " 42469KkPa

P,, =P, -P,, =200-1.7057 =198.29 kPa
hgo =hg @30oc = 2555.6 kilkg
Sq2 =Sg@aocc = 84520 kikg-K

a)z :a)l

=0.402 = 40.2%

h, = ¢, T, +@,hy, = (1.005kJ/kg -°C)(30°C) + (0.005350)(2555.6 ki/kg) = 43.82 ki/kg dry air

The entropy change of the dry air is

P :
32 _ (1.005) In 303 _ (0.287)In 198.29 _ ) 05103 ki/kg - K
288 198.29

T2

(s2 _Sl)dryair =Cp In—=-Rin
T

1 al

The entropy change of the air-water mixture is
Sp =51 = (S2 = S1) dryair + @(S2 = S1) water vapr = 0-05103+(0.005350)(8.4520—8.7803) = 0.04927 ki/kg - K

The mass flow rate of the dry air is

zD?

vV, =V,A =V, =0.02513m3/s

= (20 m/s) M
4

Vi 0.02513m* /s

My =—== 3
v 0.4168m? /[ kg dryair

a

= 0.06029 kg/s

The exergy increase of the humid air during this process is then,

AD =1, (, —y1) =y [(hy —hy) =To (s, —51)]
= (0.06029 kg/s)[(43.82 — 28.60)kJ/kg - (288 K)(0.04927 ki/kg - K)| = 0.062 kW

PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.



www.semeng.ir

www. 20f 11 e. org

14-33

Heating with Humidification

14-75C To achieve a higher level of comfort. Very dry air can cause dry skin, respiratory difficulties, and increased static
electricity.

14-76 Air is first heated and then humidified by water vapor. The amount of steam added to the air and the amount of heat
transfer to the air are to be determined.

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire
process (i, =m,, =m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are
negligible.
Properties The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The properties of
the air at various states are determined from the psychrometric chart (Figure A-31) to be
h; =311 kJ/ kg dry air
@4, =0.0064 kg H,0/ kg dry air (= @,)

h, =36.2 k] / kg dry air vy Heating | o
hy =581 k1 / kg dry air coils
w5 =00129 kg H,0O/ kg dry air 1 ="
T, = 15°C atm ) |~ Ty = 25°C
Analysis (a) The amount of moisture in the air $.=60% |~ AR T -20C <— $s = 65%
remains constant it flows through the heating 2 u<’

section (@ 1 = w ), but increases in the @ @ @

humidifying section (w3 > w,). The amount of
steam added to the air in the heating section is

Aw = w5 —-w, =00129 -0.0064 = 0.0065 kg H,O / kg dry air
(b) The heat transfer to the air in the heating section per unit mass of air is
O, =h, —hy =36.2-311=5.1 kJ/ kg dry air
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14-77E Air is first heated and then humidified by water vapor. The amount of steam added to the air and the amount of heat
transfer to the air are to be determined.

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire
process (i, =m,, =m,).2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are

negligible.
Properties The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The properties of
the air at various states are determined from the psychrometric chart (Figure A-31E or EES) to be

h, =12.40 Btu/lbm dry air

@, =0.002586 Ibm H,0/Ibm dry air Y Heating +
. o

h, =18.44 Btu/Ibm dry air coils
®, =@, =0.002586 lbom H,O/lbm dry air =

5 = 27.10 Btu/Ibm dry air T,=40 F__> —_ T3 =75°F
5 = 0,008298 Ibm H.,O/Ibm dry air ¢1=50% AR 1, =657 | | $3=45%

U=
Analysis (a) The amount of moisture in the air remains @ @ @

constant it flows through the heating section (w; = w,), but
increases in the humidifying section (w3 > w ;). The amount
of steam added to the air in the heating section is

Aw = w; — @, =0.008298 — 0.002586 = 0.0057 Ibm H,O/lbm dry air

(b) The heat transfer to the air in the heating section per unit mass of air is

i, =h, —h; =18.44 -12.40=6.0 Btu/lbm dry air
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14-35

14-78 Air is first heated and then humidified by wet steam. The temperature and relative humidity of air at the exit of
heating section, the rate of heat transfer, and the rate at which water is added to the air are to be determined.

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire
process (i, =m,, =m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are

negligible.

Properties The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The properties of
the air at various states are determined from the psychrometric chart (Figure A-31) to be

h, = 23.5kJ/kg dry air

@, =0.0053kg H,O/kg dry air (= w,) i Sat. vapor
v, =0.809 m®/kg dry air ! Heating 4 v 100°C
) coils Humidifi
hy = 42.3kJ/kg dry air umidrer
w5 = 0.0087 kg H ,0/kg dry air 10°C MM AIR| = .
— 20°C
_ o _ _ 0% —— T
Analysis (a) The amount of moisture in the air remains 4¢3/ latm| | - 60%
constant it flows through the heating section (w1 = w,), e
but increases in the humidifying section (w3 > w»). The @ @ @

mass flow rate of dry air is

_ ¥, 35m*/min

=——————=43.3kg/min
v, 0.809m°/kg

a

Noting that Q = W =0, the energy balance on the humidifying section can be expressed as

. . . 20 (stead
Ein — Eou = AE (steady) _ g

En,=E

in system

in out
Zmlhl = Zmehe E— mwhw + mazhz = I’hah3
(03— wy)hy, +hy =hg
Solving for h,,
h, =hg — (@3 —@;)hg @100c =42.3—(0.0087 —0.0053)(2675.6) = 33.2 kI/kg dry air
Thus at the exit of the heating section we have @, = 0.0053 kg H,O dry air and h, = 33.2 kJ/kg dry air, which completely
fixes the state. Then from the psychrometric chart we read
¢, =37.8%

(b) The rate of heat transfer to the air in the heating section is

Q,, =, (h, —hy) = (43.3kg/min)(33.2 - 23.5) ki/kg = 420 kJ/min

(c) The amount of water added to the air in the humidifying section is determined from the conservation of mass equation
of water in the humidifying section,

m,, =M, (&5 — ,) = (43.3 kg/min)(0.0087 —0.0053) = 0.15 kg/min
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14-36

14-79 Air is first heated and then humidified by wet steam. The temperature and relative humidity of air at the exit of
heating section, the rate of heat transfer, and the rate at which water is added to the air are to be determined.

Assumptions 1 This is a steady-flow process and thus the mass flow

rate of dry air remains constant during the entire process i Sat. vapor
(my =1, =m,). 2 Dry air and water vapor are ideal gases. 3 The Y Heating lr v 100°C

kinetic and potential energy changes are negligible. coils Humidifier
Analysis (a) The amount of moisture in the air also remains =

constant it flows through the heating section (w; = @,), but ~ 10°C \QQMQQQ} AR 20°C
increases in the humidifying section (w3 > w,). The inlet 70%3 - 95 kPa <— 60%
and the exit states of the air are completely specified, and 35 m*/min =

the total pressure is 95 kPa. The properties of the air at
various states are determined to be @ @ @

P = $1Py1 = 1P @ioec = (0.70)(1.2281kPa) = 0.860 kPa (= P,)
Py =P, — P, = 95-0.860 = 94.14 kPa

,, - RaT1 _ (0.287 kPa-m?/kg-K)(283K)

=0.863m? / kg dry air
TP, 94.14 kPa 9qy

 0.622P,; 0.622(0.86 kPa)

= =0.00568 kg H ,0/kg dry air (=
P-P, (95-0.86)kPa g H,0/kg dry air (= @,)

(2]
hy =c,T; + @ hg = (1.005kJ/kg -°C)(10°C) +(0.00568)(2519.2 ki/kg) = 24.36 kJ/kg dry air
P = #3Pys = #sPear @ 20-c = (0.60)(2.3392 kPa) =1.40kPa

_ 0622P, _ 0.622(1.40 kPa)
P,—Ps; (95-1.40)kPa

hy = ¢, Ty + @y = (1.005 ki/kg - °C)(20°C) + (0.0093)(2537.4 k/kg) = 43.70 ki/kg dry air

= 0.00930 kg H,0O/kg dry air

. _—_
Also, m, = “_ M = 40.6 kg/min

v, 0.863m°/kg
Noting that Q = W = 0, the energy balance on the humidifying section gives

. . . 20 (stead . .
Ein - Eout = AEsys’[em eady) 0— Ein = Eout

hy = h3 = (@3 — @)y greg-c = 43.7—(0.0093-0.00568) x 2675.6 = 34.0 k/kg dry air

Thus at the exit of the heating section we have o = 0.00568 kg H,O dry air and h, = 34.0 kJ/kg dry air, which completely
fixes the state. The temperature of air at the exit of the heating section is determined from the definition of enthalpy,

34.0 = (1.005)T, + (0.00568)(2500.9 + 1.82T,)
Solving for h,, yields

T, =19.5°C
The relative humidity at this state is
P P .
gtz Ro  0880KPA a0 a7 704
Py Pat@ioscc  2.2759 kPa

(b) The rate of heat transfer to the air in the heating section becomes

Qi, =M, (hy —hy) = (40.6 kg/min)(34.0 —24.36) ki/kg = 391 kJ/min
(c) The amount of water added to the air in the humidifying section is determined from the conservation of mass equation

of water in the humidifying section,
m,, = M, (@; — ®,) = (40.6 kg / min)(0.0093-0.00568) = 0.147 kg / min
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14-37

Cooling with Dehumidification

14-80C To drop its relative humidity to more desirable levels.

14-81E Air is cooled and dehumidified at constant pressure. The amount of water removed from the air and the cooling
requirement are to be determined.

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire
process (m, =m,, =m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are

negligible.

Properties The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The properties of
the air at various states are determined from the psychrometric chart (Figure A-31E) to be

h, =52.2 Btu/Ilbm dry air

, =0.0278 kg H,0/kg dry air 1 . . {
Cooling coils
and
_ T,=50F _ T,=90°F
72 =10 _ ¢, =100% bbb tam T g =900
h, = 20.3 Btu/lom dry air s 26 Condensate
, =0.0076 kg H ,0/kg dry air O .- @
Also,
60°F Condensate

hy =y geor = 28.08Btu/lom  (Table A-4) removal

Analysis The amount of moisture in the air decreases due to dehumidification (@, < w,). Applying the water mass balance
and energy balance equations to the combined cooling and dehumidification section,

Water Mass Balance:
XMy =X My ——>Myo; =My, +M,,
Aw = o, —w, =0.0278—0.0076 = 0.0202 lbm H,O/Ibm dry air
Energy Balance:
Ein —Eout = AEgyem "% =0
Ein = Eout
T mih; = Qoye + X Mehg
Qout = Mathy = (Myohy +my by ) =M, (hy —h,)—m,h,
Uout =My —hy — (@, —@,)hy,
= (52.2 - 20.3)Btu/lbm — (0.0202)(28.08)

=31.3Btu/lomdry air
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14-38

14-82 Air is cooled and dehumidified at constant pressure. The amount of water removed from the air and the rate of
cooling are to be determined.

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire
process (m, =my, =m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are

negligible.

Properties The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The properties of
the air at various states are determined from the psychrometric chart (Figure A-31) to be

h; =79.6 kJ/kg dry air

, =0.0202 kg H,O/kg dry air } )\
v, =0.881m3/kg dry air Cooling coils
and —1g0 — 9go
$, =1.0 5 _=1lgoocA) T oty _tam o YT E ::22850(:
2 ’ > . b b =Condensate P

h, =51.0 ki/kg dry air ©) R ©)

@, =0.0130 kg H,0/kg dry air

Also. .~ Condensate
20°C removal
hW = hf @200c = 83915 kJ/kg (Table A'4)

Analysis The amount of moisture in the air decreases due to dehumidification (@, < @1). The mass flow rate of air is

Vi (10,000/3600) m® /s
v, 0.881m?/kgdry air

=3.153kg/s

al

Applying the water mass balance and energy balance equations to the combined cooling and dehumidification section,

Water Mass Balance:
hX rhW,i =2 mw,e I r'hala)l = r];].’;126‘)2 + rﬁw
m,, =M, (o, —w,) = (3.153kg/s)(0.0202 —0.0130) = 0.0227 kg/s

Energy Balance:

E' _ E _ AE’systemcyo (steady) -0
Ein = E'out
Zr‘hihi :Qout +Zmehe

Qout = malhl _(maZhZ + rhth) = r'ha(hl - h2) - n.’]th

in out

Quu = (3.153 ka/s)(79.6 — 51.0)kd/kg — (0.02227 kg/s)(83.915 ki/kg)

=88.3kW
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14-39

14-83 Air is cooled and dehumidified at constant pressure. The syatem hardware and the psychrometric diagram are to be
sketched and the inlet volume flow rate is to be determined.

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire
process (M, =m,, =m,).2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are

negligible.

Properties (a) The schematic of the cooling and dehumidifaction process and the the process on the psychrometric chart are
given below. The psychrometric chart is obtained from the Property Plot feature of EES.

AirH20
0050 T T T T T T T T T T T T T T T

| Pressure = 101.3 [kPa]

0.045

0.040 +

0.035

T [°C]

(b) The inlet and the exit states of the air are completely specified, and the total pressure is 101.3 kPa (1 atm). The
properties of the air at the inlet and exit states are determined from the psychrometric chart (Figure A-31 or EES) to be

Tgp =26.7°C
h, =96.5kJ/kg dry air J J
- Yy A
@, =0.0222 kg H,O/kg dry air Cooling coils
v, =0.916 m*/kg dry air T.230°C
— o 1—
and T =16.7°F__ ! — $,=50%
@, =100% 240 o0 1013 kPa 1
> b b ¥=Condensate

T,=T,-10=26.7-10=16.7°C

4, =1.0 o .- @

h, =46.9 ki/kg dry air __ Condensate
@, =0.0119 kg H,0O/kg dry air 16.7°C removal

Also,
hy, =h¢ @ie7.c =70.10kJ/kg  (Table A-4)

Analysis Applying the water mass balance and energy balance equations to the combined cooling and dehumidification
section,

Water Mass Balance:
bX mW,i =2 rhw,e — rhala)l = maZwZ + rI;.'w

My :ma(wl_wz)
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14-40
Energy Balance:
Ein — Eout = AEgygiem” Y =0
Ein = Eout
Zrﬁihi :Qout +Zmehe
Qout = Mgy — (Moh, +rihy,)

=m, (hy —hy)—myhy,

=, (hy —hy) —m, (@) —@,)h,,
Solving for the mass flow rate of dry air,

Qout ~ 1340 kW
(h, —h,) — (&, — w,)h,,  (96.5— 46.9) ki/kg — (0.0222 — 0.0119)(70.1 kd/kg)

m, = =27.4Kkgls

The volume flow rate is then determined from

V, =V, = (27.4kg/s)(0.916 m3/kg) = 25.1m3/s
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14-41
14-84E Saturated humid air at a specified state is cooled at constant pressure to a specified temperature. The rate at which
liquid water is formed and the rate of cooling are to be determined.

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire
process (m, =m,, =m,).2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are

negligible. ]
Analysis The amount of moisture in the air remains Y . ) ‘
constant (w1 = w,) as it flows through the heating section Cooling coils
since the process involves no humidification or —200°
1o PIOLE v Ho —1nno T,=200°F

dehumidification. The inlet state of the air is completely T =100°F _ L1000

ified, and the total is 70 psia. Th i $,=100%" bbb 7T0psia <~ #i=100%
specified, and the total pressure is 70 psia. The properties 2 Ly e e V=50 fils

of the air at the inlet and exit states are determined to be

Pu = 1Py = #1 Pyt @ 200-F = (1.0)(11.538 psia) =11.538 psia @ @

hgl = hg @ 200°F = 11457 Btu/lbm

Condensate

150°F removal

_ 0.622P, _ 0.622(11.538 psia)

= — =0.1228 lbm H,O/lbm dry air
P,-P,  (70-11.538)psia

2]
hy =c,T; + @ hy = (0.240 Btu/lbm- °F)(200°F) + (0.1228)(1145.7 Btu/lbm) = 188.7 Btu/lom dry air

_R,T;  (0.3704 psia-ft* / Ibm- R)(660 K)

: =4.182ft3 / Ibm dry air
P (70-11.538) psia

Y1
and
PV2 = ¢2 sz = ¢2 Psat@100°F = (1.0)(0.95052 pSia) = 0.95052 pSia
hyz =Ny @00 =1104.7 Btu/lbm

_ 0.622P,,  0.622(0.95052 psia)
P,-P,,  (70-0.95052) psia
h, =c,T, +w,hg, =(0.240 Btu/lbm-°F)(100°F) + (0.00856)(1104.7 Btu/lbm) = 33.46 Btu/lbm dry air
We assume that the condensate leaves this system at the average temperature of the air inlet and exit:
hy =Nt giseer =117.99 Btu/lbm  (Table A-4E)

, =0.00856 Ibm H,O/lom dry air

The mass flow rate of the dry air is

2 2
U, =V A =V, ”'Z = (50 ft/s)(@} = 2.454ft%/s

WV 24541t s
v 41821t/ Ibmdry air

Applying the water mass balance and energy balance equations to the combined cooling and dehumidification section,
Water Mass Balance:

=0.5868 Ibm/s

Mg

2y =2 my, , —— My =My, +Mm,
m,, =m, (o, —w,) = (0.5868 Ibm/s)(0.1228 —0.00856) = 0.0670 Ibm/s
Energy Balance:
Ein — Eou = AEggtem” "™ =0
Ein = Eout
¥ mihi = Qqu + X Meh,
Qout = Mg hy = (Myzh, +myh,,)

=m, (hy —hy)—myh,
= (0.5868 Ibm)(188.7 — 33.46)Btu/lbm — (0.06704 Ibm)(117.99 Btu/lbm)
=83.2Btu/s
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14-42

14-85 Air is first cooled, then dehumidified, and finally heated. The temperature of air before it enters the heating section,
the amount of heat removed in the cooling section, and the amount of heat supplied in the heating section are to be
determined.

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire
process (r, =m,, =m,).2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are
negligible.

Analysis (a) The amount of moisture in the air decreases due to dehumidification (@3 < @), and remains constant during
heating (w3 = @»). The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The

intermediate state (state 2) is also known since ¢, = 100% and @, = w3. Therefore, we can determine the properties of the
air at all three states from the psychrometric chart (Fig. A-31) to be

h, =952 kJ / kg dry air

w, = 00238 kg H,0/ kg dry air 7 Cooling 4 Y Heating 1
section section
and
] . nesec _ JUUD WY =2
hy =431 kJ / kg dry air 1 _ T AR P -
° gy . $r=70% ! bf 2 1 atm b= 50%
@5 =0.0082 kg H,0/ kg dry air (= w,) ) AIR
Also, @) v ©) 3
h, =h¢ @10oc =42.02kl/kg (Table A-4) @ l 10°C
h, =31.8kJ/kg dry air
T, =11.1°C

(b) The amount of heat removed in the cooling section is determined from the energy balance equation applied to the
cooling section,

Ein - E.out = AEsystem7IO (eacy) — 0
I:;in = I:;out
2 m; hi =2 Mg he + Qout,cooling
Qout,cooling = malhl - (maz h2 + n.’]th) = ma (hl - hz) - r.hwhw
or, per unit mass of dry air,
qout,cooling = (hl - hz) - (a)l - a)z)hw
=(95.2 - 31.8) — (0.0238 — 0.0082)42.02
=62.7 kJ/kgdry air
(c) The amount of heat supplied in the heating section per unit mass of dry air is

Ginpeating = 3 —hp = 431-318 =11.3 kJ/kg dry air
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14-43

14-86 Air is cooled by passing it over a cooling coil through which chilled water flows. The rate of heat transfer, the
mass flow rate of water, and the exit velocity of airstream are to be determined.

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire
process. 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are negligible.

Analysis (a) The saturation pressure of water at 32°C is 4.76 kPa (Table A-4). Then the dew point temperature of the
incoming air stream at 32°C becomes

po = lsat@P, :Tsat@0.7x4.76 kpa =25.8°C  (Table A-5)

since air is cooled to 20°C, which is below its dew point temperature, some of the moisture in the air will condense. The
amount of moisture in the air decreases due to dehumidification (@, < @;) . The inlet and the exit states of the air are

completely specified, and the total pressure is 1 atm. Then the properties of the air at both states are determined from the
psychrometric chart (Fig. A-31 or EES) to be

h, =86.35kJ/kg dry air

=0.02114 kg H,0O/kg dry air Water
o) 39 20/kg dry T T+6°C
v, =0.8939 m*°/kg dry air
and Cooling coils
h, =57.43kJ/kg dry air
w, =0.0147 kg H,0/kg dry air 32°C
2 g3 2 g y 70% 20°C
v, =0.8501m>/kg dry air 120 m/min - —» AIR Saturated
Also,  hy, =h¢go0c =83.91kJkg (Table A-4)
Then,
2 2
V=V A =V, 7D° _ (120 m/min)(m] =15.08 m* / min

¥ 15.08m®/min
v 0.8939m? / kg dry air

Applying the water mass balance and the energy balance equations to the combined cooling and dehumidification section
(excluding the water),

My =16.87 kg/min

Water Mass Balance: Xy =2Xm,, —— My =My, +m,
my, =m, (&, — @,) = (16.87 kg/min)(0.02114 — 0.0147) =0.1086 kg/min

- - - 710 (stead : :
Energy Balance: Ein ~ Eou = ABsystem e — 00— By = Eou

ZI"hihi = Z:rhehe + Qout —> Quut = r‘halhl - (mazhz + r‘hwhw) =m, (hl - hz) - r’hwhw
Qout = (16.87 kg/min)(86.35 — 57.43)kJ/kg — (0.1086 kg/min)(83.91kJ/kg) =478.7 kJ/min

(b) Noting that the heat lost by the air is gained by the cooling water, the mass flow rate of the cooling water is determined
from

Qcooling water — mcooling waterAh = mcooling water C pAT

. _Qy _ 478.7kJ/min
coolMgWaler AT (4.18 kl/kg - °C)(6°C)

=19.09 kg/min

(c) The exit velocity is determined from the conservation of mass of dry air,

o v, v, VA V,A
Mg =My —> —=——"">——=—"—

Vi Y Vi Y2
V, =u—2Vl _ 08501 (120 m/min) =114 m/min
v 0.8939
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14-44

13
14-87 E Problem 14-86 is reconsidered. A general solution of the problem in which the input variables may be
supplied and parametric studies performed is to be developed and the process is to be shown in the psychrometric chart for
each set of input variables.

Analysis The problem is solved using EES, and the solution is given below.

"Input Data from the Diagram Window"
{D=0.4

P[1]=101.32 [kPa]

T[1]=32[C]

RH[1] =70/100 "%, relative humidity"
Vel[1] = 120/60 "[m/s]"

DELTAT _cw =6 [C]

P[2] = 101.32 [kPa]

T[2] = 20 [C]}

RH[2] = 100/100 "%"

"Dry air flow rate, m_dot_a, is constant"
Vol_dot[1]= (pi * D*2)/4*Vel[1]
v[1]=VOLUME(AiIrH20,T=T[1],P=P[1],R=RH[1])
m_dot_a = Vol_dot[1]/V[1]

"Exit vleocity"

Vol_dot[2]= (pi * D*2)/4*Vel[2]
v[2]=VOLUME(AirH20,T=T[2],P=P[2],R=RH[2])
m_dot_a = Vol_dot[2]/V[2]

"Mass flow rate of the condensed water"
m_dot_v[1]=m_dot_v[2]+m_dot_w
w[1]=HUMRAT(AiIrH20,T=T[1],P=P[1],R=RH[1])
m_dot_v[1] = m_dot_a*w[1]
w[2]=HUMRAT(AiIrH20,T=T[2],P=P[2],R=RH[2])
m_dot_v[2] = m_dot_a*w[2]

"SSSF conservation of energy for the air"

m_dot_a *(h[1] + (1+w[1])*Vel[1]*2/2*Convert(m"2/s*2, kJ/kg)) + Q_dot = m_dot_a*(h[2]
+(1+w[2])*Vel[2]*2/2*Convert(m"2/s"2, kJ/kg)) +m_dot_w*h_lig_2

h[1]=ENTHALPY (AirH20,T=T[1],P=P[1],w=w[1])

h[2]=ENTHALPY (AirH20,T=T[2],P=P[2],w=w[2])
h_liq_2=ENTHALPY (Water, T=T[2],P=P[2])

"SSSF conservation of energy for the cooling water"
-Q_dot =m_dot_cw*Cp_cw*DELTAT_cw "Note: Q_netwater=-Q_netair"
Cp_cw = SpecHeat(water,T=10,P=P[2])"kJ/kg-K"
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RH mCW Qout Ve|2
! [kg/s] [kW] [m/s]
0.5 0.1475 3.706 1.921
0.55 0.19 4.774 1.916
0.6 0.2325 5.842 1.911
0.65 0.275 6.91 1.907
0.7 0.3175 7.978 1.902
0.75 0.36 9.046 1.897
0.8 0.4025 10.11 1.893
0.85 0.445 11.18 1.888
0.9 0.4875 12.25 1.884
0.050 ———————————
0.045 | Pressure =101.0 [kPa]
0.040 |
0.035
o i
§ 0.030_
> o.ozs_
T 0.020
g L
e 0.015_
0.010
0.005 |
0.000
T[C]
=)
=,
5
o
O

0.55 0.6 0.65 0.7

RH[1]

0.75

0.85

14-45
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14-46

14-88 Air is cooled by passing it over a cooling coil. The rate of heat transfer, the mass flow rate of water, and the exit
velocity of airstream are to be determined.

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire
process. 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are negligible.

Analysis (a) The dew point temperature of the incoming air stream at 35°C is

Pi=é Pgl = ¢ Py @32°C
=(0.7)(4.76 kPa) = 3.332 kPa Water, T T+ 6°C
po = Tsat @P, ~ Tsat @3.332kPa = 25.8°C

h

Cooling coils
Since air is cooled to 20°C, which is below its dew point

temperature, some of the moisture in the air will condense.

The amount of moisture in the air decreases due 32°C o
to dehumidificati The inlet and the exit @ 70% 20°C
o0 dehumidification (@, < ;). The inlet and the exi 120 m/min AIR Saturated

states of the air are completely specified, and the total
pressure is 95 kPa. Then the properties of the air at both
states are determined to be

Py =P, — P, =95-3.332=91.67 kPa

o - Ral1 _ (0.287kPa- m® /kg-K)(305K) _ 0.9549 m® / kg dry air
1T, 91.67 kPa '
_0.622P, _ 0.622(3.332kPa) _ 0.02261kg H ,O/kg dry air

a)l -
P,—P, (95-3.332)kPa
hy = ¢, Ty + @ihy, = (LOOS kI/kg - °C)(32°C) + (0.02261)(2559.2 ki/kg)

=90.01kJ/kg dry air
and
P2 =#,Py, = (1.00)Pyy g poc =2.339kPa
3
v, = RaT, _ (0.287kPa-m”/kg - K)(293K) —~0.9075m? / kg dry air
P2 (95— 2.339) kPa
0.622 PR, : . .
Wy = v _ 0.622(2:339KkPa) _ 0.0157 kg H,0/kg dry air
P, -R,, (95-2.339)kPa
h, =c,T, + @,hy, = (1.005 k/kg - °C)(20°C) + (0.0157)(2537.4 ki/kg)
=59.94 kJ/kg dry air
Also,
hy =h¢ @20oc =83.915kJ/kg (Table A-4)
Then,

. zD?
Vi =ViA =V,

2
=(120 m/min)(@] =15.08m* / min

¥ 15.08m*/min
v 0.9549m?3 / kg dry air

My =15.79 kg/min

Applying the water mass balance and energy balance equations to the combined cooling and dehumidification section
(excluding the water),
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Water Mass Balance:
ZrﬁW,i =2 rT.'lw,e — rhala)l = rT.'|a2a)2 + rT.'lw
my, =m, (&, — @,) = (15.79 kg/min)(0.02261 - 0.0157) = 0.1090 kg/min
Energy Balance:
Ein - Eout = AEsystem7Io e — 0
Ein = E

Xmhy =2meh, + Qout - Qout = sy — (My,h, +myhy, ) =m, (hy —hy) —myhy,

out

Quut = (15.79 kg/min)(90.01 - 59.94)kJ/kg — (0.1090 kg/min)(83.915 ki/kg) = 465.7 kd/min

(b) Noting that the heat lost by the air is gained by the cooling water, the mass flow rate of the cooling water is determined
from

Qcooling water — rncooling waterAh = mcooling waterC pAT

. Qu 465.7 kd/min
cooling water c pAT (4.18 kJ/kg . OC)(60C)

=18.57 kg/min

(c) The exit velocity is determined from the conservation of mass of dry air,

. . v v, V,A VLA
My =My —>—=——"">—"—=——

v, :V—ZV1 = 0.9075 (120 m/min) =114 m/min
v 0.9549
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14-48

14-89 Air flows through an air conditioner unit. The inlet and exit states are specified. The rate of heat transfer and the
mass flow rate of condensate water are to be determined.

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire
process (i, =m,, =m,).2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are

negligible.

Analysis The inlet state of the air is completely

specified, and the total pressure is 98 kPa. The Y _ ) A

properties of the air at the inlet state may be Cooling coils

determined from (Fig. A-31) or using EES oo

psychrometric functions to be (we used EES) Taz = 25°C MMQMM Tapy =30°C

. Tgz=65°C~ | b v 7 Twn =25°C

h, =77.88kJ/kg dry air dp2 = y 8y ~—Condensate P =98 kPa

w, =0.01866 kg H,O/kg dry air @ w @

¢ =0.6721

Condensate

The partial pressure of water vapor at the exit state is o
P P P 25°C removal

PV2 = Psat@ 6.5°C = 09682 kpa (TabIeA - 4)
The saturation pressure at the exit state is
Py2 = Pat@2sec =3.17 kPa (Table A-4)

Then, the relative humidity at the exit state becomes

P, 0.9682
P 3.17

by = =0.3054

g2
Now, the exit state is also fixed. The properties are obtained from EES to be
h, =40.97 ki/kg dry air
@, =0.006206 kg H,0O/kg dry air
v, = 0.8820m3/kg

The mass flow rate of dry air is

v, _ 1000 m*/min

—————=11338 kg/min
v, 0.8820m°/kg

a

The mass flow rate of condensate water is
m,, =M, (&, —®,) = (1133.8 kg/min)(0.01866 - 0.006206) = 14.12 kg/min = 847.2 kg/h
The enthalpy of condensate water is
hW2 = h f@ 25°C = 10483 kJ/kg (Table A - 4)
An energy balance on the control volume gives
mahy = Qout +mahy +myhy,
(21133.8 kg/min)(77.88 ki/kg) = QOUt +(1133.8 kg/min)(40.97 kJ/kg) + (14.12 kg/min)(104.83 kJ/kg)
Qout = 40,377 ki/min = 672.9 kW
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14-49

14-90 Atmospheric air enters the evaporator of an automobile air conditioner at a specified pressure, temperature, and
relative humidity. The dew point and wet bulb temperatures at the inlet to the evaporator section, the required heat transfer
rate from the atmospheric air to the evaporator fluid, and the rate of condensation of water vapor in the evaporator section
are to be determined.

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire
process (m, =m,, =m,).2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are
negligible.
Analysis The inlet and exit states of the air are completely specified, and the total pressure is 1 atm. The properties of the
air at the inlet and exit states may be determined from the psychrometric chart (Fig. A-31) or using EES psychrometric
functions to be (we used EES)
Tgpr =15.7°C Y A
Ty =19.5°C Cooling coils
W .
h, =55.60 kJ/kg dry air . T,=10°C W@M 3 T, =27°C
o, =0.01115kg H,0/kg dry air $,=90% " s . Db > 1atm T $.=50%
v, = 0.8655m® / kg dry air 5

¢
¢

b ¥——Condensate
h, = 27.35 ki/kg dry air Q w-- )

, = 0.00686 kg H,0/kg dry air

10°C Condensate
The mass flow rate of dry air is removal
& Ve ACH (2 m?/change)(5 changes/min)

3 =11.55kg/min
V1 41 0.8655m

a

The mass flow rates of vapor at the inlet and exit are
m,; = @,m, = (0.01115)(11.55 kg/min) = 0.1288 kg/min
m,, = w,m, =(0.00686)(11.55 kg/min) = 0.07926 kg/min
An energy balance on the control volume gives
myh, = Qout +myhy +myhy,
where the the enthalpy of condensate water is
hWZ = h f@10°C = 4202 kJ/kg (Table A - 4)
and the rate of condensation of water vapor is
m,, = m, —m,, =0.1288—-0.07926 = 0.0495 kg/min
Substituting,
rﬁahl = Qout + mahz + mWhWZ
(11.55 kg/min)(55.60 kJ/kg) = Qout + (11.55 kg/min)(27.35 kJ/kg) + (0.0495 kg/min)(42.02 kJ/kg)
Qout = 324.4KJ/min =5.41kW
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14-50

0.050 r T T T T T T T T T T T T T T
- Pressure = 101.3 [kPa]

0.045
0.040
0.035
0.030

0.025

0.020

Humidity Ratio

0.015

0.010

0.005

0.000

T [°C]

Discussion We we could not show the process line between the states 1 and 2 because we do not know the process path.
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14-51

14-91 Atmospheric air flows into an air conditioner that uses chilled water as the cooling fluid. The mass flow rate of the
condensate water and the volume flow rate of chilled water supplied to the air conditioner are to be determined.

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire
process (rm, =m,, =m,).2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are
negligible.

Analysis We may assume that the exit relative humidity is 100 percent since the exit temperature (18°C) is below the dew-

point temperature of the inlet air (25°C). The properties of the air at the exit state may be determined from the
psychrometric chart (Fig. A-31) or using EES psychrometric functions to be (we used EES)

h, =51.34 kd/kg dry air

w, =0.01311kg H,0/kg dry air Y o 1
Cooling coils
The partial pressure of water vapor at the inlet e T, =28°C
state is (Table A-4) To=18°C MMQMM Top1 =
100% RH «—— 57050 - s
Pi = P 2sec =3.17kPa 100 kPa » % » % » =—Condensate 2000 m*h

The saturation pressure at the inlet state is @ H @

Pg1 = Poa@2sec =3.783kPa (Table A-4) Condensate

18°C removal

Then, the relative humidity at the inlet state becomes

P .
& _ha 317 0.8379

P, 3783

Now, the inlet state is also fixed. The properties are obtained from EES to be
h, =80.14 kJ/kg dry air
@, =0.02036 kg H,O/kg dry air
v, = 0.8927 m3/kg

The mass flow rate of dry air is

_ ¥, (2000/60) m*/h

=37.34kg/min
® v 08927m’kg J

The mass flow rate of condensate water is
My, =M, (0, - @,)
= (37.34 kg/min)(0.02036 - 0.01311)
=0.2707 kg/min
=16.24 kg/h
The enthalpy of condensate water is

hW2 = h f@lgoc = 7554 k\]/kg (Table A = 4)

An energy balance on the control volume gives

Mahy = Qoue +Myhy +myhy,
(37.34 kg/min)(80.14 ki/kg) = Qo + (37.34 kg/min)(51.34 ki/kg) + (0.2707 kg/min)(75.54 ki/kg)
Qout =1055kJ/min =17.59 kW

Noting that the rate of heat lost from the air is received by the cooling water, the mass flow rate of the cooling water is
determined from

c . Q; 1055 kJ/min
Qin = mcprATcw Mgy = T = S o
CpATcw (4.18 kJ/kg.°C)(10°C)

= 25.24 kg/min
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where we used the specific heat of water value at room temperature. Assuming a density of 1000 kg/m? for water, the

volume flow rate is determined to be

v,

0.050

cw T

_ Moy _ 25.24kg/Min_ o oes 3000

Pew 1000 kg/m®

AirH20

0.045

0.040

0.035

0.030

0.025

0.020

Humidity Ratio

0.015

0.010

0.005

T T T T T T T T T T T T T T T
I Pressure =100.0 [kPa] 1

0.000

14-52
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14-53

14-92 An automobile air conditioner using refrigerant 134a as the cooling fluid is considered. The inlet and exit states of
moist air in the evaporator are specified. The volume flow rate of the air entering the evaporator of the air conditioner is to
be determined.

Assumptions 1 All processes are steady flow and the mass flow rate of dry air remains constant during the entire process
(m, =m,, =m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are negligible.

Analysis We assume that the total pressure of moist air is 100 kPa. Then, the inlet and exit states of the moist air for the
evaporator are completely specified. The properties may be determined from the psychrometric chart (Fig. A-31) or using
EES psychrometric functions to be (we used EES)

h, =55.88 kJ/kg dry air R-134a
o, =0.01206 kg H,O/kg dry air 100 J"Pa
3 i L 2 A

v, =0.8724 m?/kg dry air Cooling coils

h, =23.31kJ/kg dry air

®, =0.006064 kg H,0/kg dry air T,=8°C MMMMM - T1=25°C
Th fl £ dry air is given b $2=00% T e P AR 1= 60%

e mass flow rate of dry air is given by > ¢ » *——Condensate

G % @ ~—- @

My 3
v, 0.8724m°/kg
The mass flow rate of condensate water is expressed as goc Condensate
U removal

m,, =m, (o, —®,) = 0.8;24 (0.01206 - 0.006064) = 0.006873;
The enthalpy of condensate water is

hy2 =Niggc =33.63kJ/kg (TableA-4)
An energy balance on the control volume gives

Mahy = Qqu + mahz +myhy,
1)
55.88 +—=—(23.11) + 0.006873(/, (33.63

08724( ) = Qout 082 (23.11) /(33.63)

The properties of the R-134a at the inlet of the compressor and the enthalpy at the exit for the isentropic process are (R-

134a tables)
Pri =200 kPa | hg, = 244.46 kl/kg
Xgy =1 Sgy = 0.9377 kd/kg.K

Py, =1600 kPa
hga s = 287.87 ki/kg

Sr2 =SRr1
The enthalpies of R-134a at the condenser exit and the throttle exit are
hR3 = h f@ 1600 kPa = 13593 k\]/kg

hra = hrs =135.93kJ/kg
The mass flow rate of the refrigerant can be determined from the expression for the compressor power:

. hey —h
WC _ mR R2,s R1
Tic
6 kw =, (28787 "5‘:;'46) kkg « = 0.1175 kg/s = 7.049 kg/min

The rate of heat absorbed by the R-134a in the evaporator is
QR'in =mpg (hg; — hgy) = (7.049 kg/min)(244.46 — 135.93) kd/kg = 765.0 kd/min

The rate of heat lost from the air in the evaporator is absorbed by the refrigerant-134a. That is, QR'm =Q,y - Then, the
volume flow rate of the air at the inlet of the evaporator can be determined from Eqg. (1) to be

v (55.88) = 765.0 + v
0.8724 0.8724

23.11) +0.006873V/ (33.63) —— ¥ =20.62 m*®/min
( 1 1
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14-54

14-93 Aiir is cooled and dehumidified at constant pressure. The cooling required is provided by a simple ideal vapor-
compression refrigeration system using refrigerant-134a as the working fluid. The exergy destruction in the total system per
1000 m® of dry air is to be determined.

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire
process (M, =m,, =m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are
negligible.

Properties The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The properties of
the air at various states are determined from the psychrometric chart (Figure A-31) to be

h, =106.8 kJ/kg dry air
@, =0.0292 kg H,0/Kkg dry air Condenser
v, =0.905m®/kg dry air @"
and E
X Compressor
h, =52.7 ki/kg dry air

@, =0.0112 kg H,0/kg dry air @ @

We assume that the condensate leaves this system at the ‘ I
average temperature of the air inlet and exit. Then, from 1 £ " I
Table A-4, vaporator
h, =h oc =117.4kJ/k
w =Nt @asc g T,=24°C __ MWM - Thi=32°C
Analysis The amount of moisture in the air decreases $,=60% § 6 b@ ¢ ; 1 atm $1=95%
due to dehumidification (@, < @1). The mass of air is v
v 1000 m?
m, =-—+ = =1105kg
® vy 0.905m3/ kg dry air l Condensate

Applying the water mass balance and energy balance equations to the combined cooling and dehumidification section,
Water Mass Balance:

My =2my,  ——>Mym; =My, +M,
m,, = m, (v, —®,) = (1105kg)(0.0292 - 0.0112) =19.89 kg
Energy Balance:
E.in - Eout = AEsystem costeady) _ 0
Ein = Eout
Z:mil‘]i :Qout +Zmehe
Qout =My hy —(Myoh, +myhy ) =m, (hy —hy)—myh,

Qout =My (hl - hz) - mwhw
Qout = (1105 kg)(106.8—52.7)kJ/kg — (19.89 kg)(117.4 kJ/kg) = 57,450 kJ

We obtain the properties for the vapor-compression refrigeration cycle as follows (Tables A-11,through A-13):
T, =4°C hy =hg @aec =252.77 ki/kg
sat.vapor | S; =Sg g sc =0.92927 ki/kg-K T

P, = Pt @39.4:.c =1MPa

P; =1MPa | h;z =hy g1mpa =107.32kJ/kg
sat. liquid S3 =S¢ @1mpa = 0.39189 kJ/kg-K

h, =h, =107.32kJ/kg (throttling)
T, =4°C } X, = 0.2561

} h, = 275.29 ki/kg

h, =107.32ki/kg | s, =0.4045kJ/kg-K
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14-55
The mass flow rate of refrigerant-134a is
Q. 57,450 kJ
h,—h, (252.77-107.32)kJ/kg
The amount of heat rejected from the condenser is
Qu =mg(h, —hy) =(395.0kg)(275.29 -107.32) kd/kg = 66,350 kg
Next, we calculate the exergy destruction in the components of the refrigeration cycle:

mR:

=395.0 kg

X destroyed,12 = MrTo(S2 —81) =0 (since the process is isentropic)

Qn
X destroyed,23 = 10 [mR (s3—52) +T_
H

=1609 kJ

- (305 K)((395 kg)(0.39189 —0.92927) kijkg - K + 20320 K k‘]j

X estroyed, 3¢ = MR T (S4 —S3) = (395 kg)(305 K)(0.4045-0.39189) ki/kg - K =1519 kJ
The entropies of water vapor in the air stream are

Sq1 = Sq@azec =8.4114 k/kg-K

Sg2 =Sg@aacc =8.5782kJ/kg-K
The entropy change of water vapor in the air stream is

AS yapor =My (@584 —@S41) = (1105)(0.0112x8.5782 - 0.0292x 8.4114) = ~165.2 kI/K

The entropy of water leaving the cooling section is
Sw =MyS¢ @2c = (19.89kg)(0.4091kI/kg-K) =8.14 kI/K
The partial pressures of water vapor and dry air for air streams are
Pu = #1Pg1 = #1 Pt @ 32oc = (0.95)(4.760 kPa) = 4.522 kPa
P, =P, - P, =101.325-4.522 = 96.80 kPa
Pi2 =#2Pg2 = #2Psat @ 24:c = (0.60)(2.986 kPa) =1.792 kPa
P,, =P, —PR,, =101.325-1.792 = 99.53 kPa
The entropy change of dry air is

T P
AS, =M, (s, —S;) =m,| ¢, In-E=—RIn—22
Tl al

99.53
96.80
The entropy change of R-134a in the evaporator is

ASg 41 =Mg(s; —S,) = (395kg)(0.92927 —0.4045) = 207.3 kI/K

= (1105)[(1.005) In %— (0.287) In } = —38.34 kd/kg dry air

An entropy balance on the evaporator gives
S gen.evaporator = ASg a1 +AS yapor +ASy +S,, = 207.3+(-165.2) +(-38.34) +8.14 =11.90 kI/K

Then, the exergy destruction in the evaporator is
Xgest = ToS gen, evaporator = (305 K)(11.90kJ/K) = 3630 kJ

Finally the total exergy destruction is

X dest, total — X dest, compressor + X dest, condenser +X dest, throttle +X dest, evaporator

=0+1609+1519+3630
=6758kJ

The greatest exergy destruction occurs in the evaporator. Note that heat is absorbed from humid air and rejected to the
ambient air at 32°C (305 K), which is also taken as the dead state temperature.
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14-56

Evaporative Cooling

14-94C Evaporative cooling is the cooling achieved when water evaporates in dry air. It will not work on humid climates.

14-95C During evaporation from a water body to air, the latent heat of vaporization will be equal to convection heat
transfer from the air when conduction from the lower parts of the water body to the surface is negligible, and temperature of
the surrounding surfaces is at about the temperature of the water surface so that the radiation heat transfer is negligible.

14-96C In steady operation, the mass transfer process does not have to involve heat transfer. However, a mass transfer
process that involves phase change (evaporation, sublimation, condensation, melting etc.) must involve heat transfer. For
example, the evaporation of water from a lake into air (mass transfer) requires the transfer of latent heat of water at a
specified temperature to the liquid water at the surface (heat transfer).

14-97 Desert dwellers often wrap their heads with a water-soaked porous cloth. The temperature of this cloth on a desert
with specified temperature and relative humidity is to be determined.

Analysis Since the cloth behaves as the wick on a wet bulb l Water
thermometer, the temperature of the cloth will become the wet- o
bulb temperature. According to the pshchrometric chart, this m Humidifier
temperature is
1 atm
Ty =Ty =23.3°C 45°C — 100%
15%

This process can be represented by an evaporative cooling
process as shown in the figure.
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14-57

14-98 Air is cooled by an evaporative cooler. The exit temperature of the air and the required rate of water supply are to be
determined.

Analysis (a) From the psychrometric chart (Fig. A-31) at 36°C and 20% relative humidity we read

Twp1 =19.5°C
, =0.0074 kg H,0/kg dry air i Water, n,,
(2] =0.887 m3/kg dryair ﬂ Humidifier
Assuming the liquid water is supplied at a temperature not
much different than the exit temperature of the air stream, the 1 atm
evaporative cooling process follows a line of constant wet-bulb 36°C
temperature. That is, 20%

Tunz = Ty =19.5°C
At this wet-bulb temperature and 90% relative humidity we read
T, =20.5°C
@, =0.0137 kg H,0/ kg dry air
Thus air will be cooled to 20.5°C in this evaporative cooler.
(b) The mass flow rate of dry air is
Y _ 4mP/min

m = 3 -
v, 0.887 m®/kgdry air

= 4.51kg/min

a

Then the required rate of water supply to the evaporative cooler is determined from

Mgypply = My, =My =M, (0, — @)
— (4.51kg/min)(0.0137 - 0.0074)

=0.028 kg/min
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14-58

14-99E Aiir is cooled by an evaporative cooler. The exit temperature of the air and the required rate of water supply are to
be determined.

Analysis (a) From the psychrometric chart (Fig. A-31E or EES) at 100°F and 30% relative humidity we read
Tups = 74.3°F
@, =0.0123lbm H,O/Ibm dry air l Water,

v, =14.41t3/Ibm dry air m Humidifier

Assuming the liquid water is supplied at a temperature not
much different than the exit temperature of the air stream, the 1atm AIR
evaporative cooling process follows a line of constant wet-bulb 100°F —_—
temperature. That is, 30%

Tobz = Ty = 74.3°F

— 90%

At this wet-bulb temperature and 90% relative humidity we read
T, =76.6°F
@, =0.0178 Ibm H,O/Ibm dry air

Thus air will be cooled to 76.6°F in this evaporative cooler.

(b) The mass flow rate of dry air is

~ ¥ 200t /min

= =13.9 Ibm/min
v, 14.4ft3 /1bmdry air

m

a

Then the required rate of water supply to the evaporative cooler is determined from
Mypply = Mz = My =M, (@, — @) = (13.91bm/min)(0.0178 - 0.0123) = 0.076 Ibm/min
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14-59

14-100 Air is cooled by an evaporative cooler. The final relative humidity and the amount of water added are to be
determined.

Analysis (a) From the psychrometric chart (Fig. A-31) at 32°C and 30% relative humidity we read
Topr =19.4°C
@, =0.0089 kg H,0/kg dry air

3 i i Water
v, =0.877 m°/kg dry air

: - : : ﬂ Humidifier
Assuming the liquid water is supplied at a temperature not

much different than the exit temperature of the air stream,

the evaporative cooling process follows a line of constant 3220 AIR
wet-bulb temperature. That is, 30/(3) . —
2 m*/min

T bz = Ty =19.4°C

At this wet-bulb temperature and 22°C temperature we read

¢, =79%
@, =0.0130 kg H,O/kg dry air

(b) The mass flow rate of dry air is

Y 5m/min
vi  0.877m?/kgdry air

=5.70kg/min

a

Then the required rate of water supply to the evaporative cooler is determined from

Meypply = Mz ~Myg =My (@, —@;) = (5.70 kg/min)(0.0130- 0.0089) = 0.0234 kg/min

14-101 Air enters an evaporative cooler at a specified state and relative humidity. The lowest temperature that air can attain
is to be determined.

Analysis From the psychrometric chart (Fig. A-31) at 29°C

and 40% relative humidity we read l Water
Ty =19:3°C F| Humicifier

Assuming the liquid water is supplied at a temperature not

much different than the exit temperature of the air stream, the 1 atm AIR

evaporative cooling process follows a line of constant wet-bulb 29°C .

temperature, which is the lowest temperature that can be 40%
obtained in an evaporative cooler. That is,

Tiin = Twpr =19.3°C
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14-60

14-102 Air is first heated in a heating section and then passed through an evaporative cooler. The exit relative humidity and
the amount of water added are to be determined.

Analysis (a) From the psychrometric chart (Fig. A-31 or EES) at 20°C and 50% relative humidity we read
@, =0.00726 kg H,O/kg dry air

Water

The specific humidity o remains constant during the JL Heating 4 l
heating process. Therefore, @, = w; = 0.00726 kg H,0 / kg coils M Humidifier
dry air. At this w value and 35°C we read T, = 19.1°C.
Assuming the liquid water is supplied at a temperature 20°C \QQQQQQQQ, <_
not much different than the exit temperature of the air s 10 AR FRC| <. —> 25°C
stream, the evaporative cooling process follows a line of 1 atm =
constant wet-bulb temperature. That is, Tz = Ty =
19.1°C. At this T, value and 25°C we read @ @ @

¢3 =57.5%

@3 =0.0114 kg H,O/kg dry air
(b) The amount of water added to the air per unit mass of air is
Awy; = w5 — w, =0.0114 — 0.00726 = 0.00413 kg H,O/kg dry air
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14-61

Adiabatic Mixing of Airstreams

14-103C This will occur when the straight line connecting the states of the two streams on the psychrometric chart crosses
the saturation line.

14-104C Yes.
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14-62

14-105 Two airstreams are mixed steadily. The specific humidity, the relative humidity, the dry-bulb temperature, and the
volume flow rate of the mixture are to be determined.

Assumptions 1 Steady operating conditions exist 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential
energy changes are negligible. 4 The mixing section is adiabatic.

Properties Properties of each inlet stream are determined from the psychrometric chart (Fig. A-31) to be
h, = 62.7 kd/kg dry air
@, = 0.0119 kg H,O/kg dry air
v, = 0.882 m3/kg dry air

@ 32°C

40%
and 0 m*/mi
h, =31.9 kJ/kg dry air P=1atm & @
w, =0.0079 kg H,0/kg dry air Pl AIR Ts
v, = 0.819 m3/kg dry air 25 m¥/min
. . 12°C
Analysis The mass flow rate of dry air in each stream 0
i D 990%
. _—
My 4 20”31 £ min — =22.7 kg/min
v, 0.882m°/kgdryair
. .
= Y2 25MI/Min___ a6 5 yamin

v, 0.819m?3/kgdryair
From the conservation of mass,
Myg = My + My, = (22.7+30.5) kg / min =532 kg / min

The specific humidity and the enthalpy of the mixture can be determined from Eqgs. 14-24, which are obtained by
combining the conservation of mass and energy equations for the adiabatic mixing of two streams:

My ;-3 _ h, —hs
My, @3- hy—h
227 00079-w; 319-h,
305 @;-00119 hy—627

which yields,
®4=0.0096 kg H,0/kg dry air
hy =450 kJ/ kg dry air

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

T, = 20.6°C
¢ = 63.4%
v, = 0.845m®/kg dry air
Finally, the volume flow rate of the mixture is determined from

Uy = v, = (53.2 kg/min)(0.845 m® / kg) = 45.0m*/min
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14-63

14-106 Two airstreams are mixed steadily. The specific humidity, the relative humidity, the dry-bulb temperature, and the
volume flow rate of the mixture are to be determined.

Assumptions 1 Steady operating conditions exist 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential
energy changes are negligible. 4 The mixing section is adiabatic.

Analysis The properties of each inlet stream are determined to be
Piu = #1Pg1 = ¢ Py @32oc = (0.40)(4.760 kPa) =1.90 kPa

_R,Ty _ (0.287kPa-m®/kg-K)(305K) @ 32°C
TR, 88.10 kPa 40%
0 m*/mi
=0.994m? / kg dry air n\\
P =90 kPa & @
. _0622P,; _ 0.622(1.90kPa) AR Y
' P-P, (90-1.90)kPa ; _/ s
= 0.0134 kg H ,0/kg dry air igg /min
hy=c, Ty +ohg @ 90%
= (1.005 ki/kg - °C)(32°C) + (0.0134)(2559.2 ki/kg)
= 66.45 kJ/kg dry air

and
P2 = $,Py2 = #>Pa@izec = (0.90)(1.403kPa) =1.26 kPa
P,, =P, —P,, =90-1.26 =88.74 kPa
o _ RaTz _ (0287 kPa-m?® / kg K)(285K)
7P, 88.74 kPa
_0.622P,, 0.622(1.26 kPa)
P,—P, (90-1.26)kPa
h, =c,T, +w,hy, = (1.005 ki/kg -°C)(12°C) +(0.00883)(2522.9 ki/kg) = 34.34 ki/Kkg dry air

=0.922m? / kg dry air

W, =0.00883 kg H,0O/kg dry air

Then the mass flow rate of dry air in each stream is

. _—

al:ﬂ: 20m” / min =20.12 kg/min
v;  0.994m?*/kg dry air

v 3/ mi .

My, =—%= 25m” /min = 27.11kg/min

v, 0.922m?/kgdryair
From the conservation of mass,
M,g =My + My, =(20.12 + 27.11) kg/min = 47.23 kg/min

The specific humidity and the enthalpy of the mixture can be determined from Eqs. 14-24, which are obtained by
combining the conservation of mass and energy equations for the adiabatic mixing of two streams:

My _@-wo3 hy—h 20.12  0.00883-w; _34.34-h,
My @3—aw h—h 2711 ®;-0.0134 h;-66.45
which yields

w3 =0.0108 kg H,O/kg dry air
h; = 48.02 kJ/kg dry air

These two properties fix the state of the mixture. Other properties are determined from
48.02 kJ/kg = (1.005 kJ/kg - °C)T; + (0.0108)(2500.9 +1.82T;) kJ/kg——>T5 = 20.5°C
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14-64
0.622 P,
0y =0T
P3 - PV3
0.622 P,
0.0108=——¥ P, =154kPa
- Pv3
P P :
gyt P L54KPA_ eag or 63.9%
Pis Paer, 241kPa
Finally,
P,s = P, —P,; =90 -1.54 = 88.46 kPa

_R,T; (0.287kPa-m?/kg-K)(293.5K)
Pa3 88.46 kPa

U, = thy3v, = (47.23kg/min)(0.952 m* / kg) = 45.0m*>/min

=0.952 m3/kg dry air

V3
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14-65

14-107 A stream of warm air is mixed with a stream of saturated cool air. The temperature, the specific humidity, and the
relative humidity of the mixture are to be determined.

Assumptions 1 Steady operating conditions exist 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential
energy changes are negligible. 4 The mixing section is adiabatic.

Properties The properties of each inlet stream are determined from the psychrometric chart (Fig. A-31 or EES) to be

h, =99.4 kJ/kg dry air
@, =0.0246 kg H,O/kg dry air

@ s6°C
and 8 kg/s
h, = 34.1kJ/kg dry air Twps = 30°C
@, =0.00873 kg H,0/kg dry air _ @
P =1atm s @
Analysis The specific humidity and the enthalpy of the mixture can be AIR Ts
determined from Eqs. 14-24, which are obtained by combining the

conservation of mass and energy equations for the adiabatic mixing of 10 kg/s
two streams: 12°C
100%
My @ —w3 hy—hy @

My, @3- hy—h
8 0.00873-w; 34.1-hy
10 w;-0.0246 hy;—-994

which yields,
(b) w5 =0.0158 kg H,O/kg dry air
h; = 63.1kJ/kg dry air

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

(@) T, =22.8°C
©) #s =90.1%
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14-66

EE
14-108 E Problem 14-107 is reconsidered. The effect of the mass flow rate of saturated cool air stream on the mixture
temperature, specific humidity, and relative humidity is to be investigated.

Analysis The problem is solved using EES, and the solution is given below.

P=101.325 [kPa]
Tdb[1] =36 [C]
Twb[1] =30 [C]
m_dot[1] = 8 [kg/s]
Tdb[2] =12 [C]
Rh[2]1=1.0
m_dot[2] = 10 [kg/s]
P[1]=P

P[2]=P[1]
P[3]=P[1]

"Energy balance for the steady-flow mixing process:"
"We neglect the PE of the flow. Since we don't know the cross sectional area of the flow streams, we also
neglect theKE of the flow."

E_dot_in - E_dot_out = DELTAE_dot_sys
DELTAE_dot_sys = 0 [kW]

E_dot_in = m_dot[1]*h[1]+m_dot[2]*h[2]

E_dot_out = m_dot[3]*h[3]

"Conservation of mass of dry air during mixing:"
m_dot[1]+m_dot[2] = m_dot[3]

"Conservation of mass of water vapor during mixing:"
m_dot[1]*w[1]+m_dot[2]*W[2] = m_dot[3]*W][3]
m_dot[1]=V_dot[1]/v[1]*convert(1/min,1/s)
m_dot[2]=V_dot[2]/v[2]*convert(1/min,1/s)
h[1]=ENTHALPY (AirH20,T=Tdb[1],P=P[1],B=Twb[1])
Rh[1]=RELHUM(AirH20,T=Tdb[1],P=P[1],B=TwbI[1])
v[1]=VOLUME(AirH20,T=Tdb[1],P=P[1],R=Rh[1])
w[1]=HUMRAT(AirH20,T=Tdb[1],P=P[1],R=Rh[1])
h[2]=ENTHALPY (AirH20,T=Tdb[2],P=P[2],R=Rh[2])
v[2]=VOLUME(AirH20,T=Tdb[2],P=P[2],R=Rh[2])
w[2]=HUMRAT(AirH20,T=Tdb[2],P=P[2],R=Rh[2])
Tdb[3]=TEMPERATURE(AirH20,h=h[3],P=P[3],w=w[3])
Rh[3]=RELHUM(AirH20,T=Tdb[3],P=P[3],w=w[3])
v[3]=VOLUME(AirH20,T=Tdb[3],P=P[3],w=w][3])
Twb[2]=WETBULB(AiIrH20,T=Tdb[2],P=P[2],R=RH[2])
Twb[3]=WETBULB(AiIrH20,T=Tdb[3],P=P[3],R=RH[3])
m_dot[3]=V_dot[3]/v[3]*convert(1/min,1/s)

my Tdb3 Rh3 W3
[kga/s] [C] [kgw/kga]
0 36 0.6484 0.02461
2 31.31 0.7376 0.02143
4 28.15 0.7997 0.01931
6 25.88 0.8442 0.0178
8 24,17 0.8768 0.01667
10 22.84 0.9013 0.01579
12 21.77 0.92 0.01508
14 20.89 0.9346 0.0145
16 20.15 0.9461 0.01402
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14-68

14-109E Two airstreams are mixed steadily. The mass flow ratio of the two streams for a specified mixture relative

humidity and the relative humidity of the mixture are to be determined.

Assumptions 1 Steady operating conditions exist 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential

energy changes are negligible. 4 The mixing section is adiabatic.

Properties Properties of each inlet stream are determined from the psychrometric chart (Fig. A-31E or from EES) to be

h, = 20.3 Btu/lbm dry air
@, =0.0076 Ibm H,O/Ibm dry air

@

and

h, =48.7 Btu/lbm dry air
®, =0.0246 Ibm H,O/lbm dry air

Analysis An application of Eq. 14-24, which are obtained by
combining the conservation of mass and energy equations for the
adiabatic mixing of two streams gives

My @ -3 hy—hy

@

My, @3- hy—h
My 00246 -w; 48.7- h,

M, @;—-0.0076 hy—20.3

50°F
100%
70°E
P=1atm
AIR @5 ®
Ta
90°F
80%

This equation cannot be solved directly. An iterative solution is needed. A mixture relative humidity ¢, is selected. At this
relative humidity and the given temperature (70°F), specific humidity and enthalpy are read from the psychrometric chart.
These values are substituted into the above equation. If the equation is not satisfied, a new value of ¢; is selected. This

procedure is repeated until the equation is satisfied. Alternatively, EES software can be used. We used the following EES

program to get these results:
¢3 =100%
3 =0.0158 Ibm H,O/Ibm dry air
h; =34.0 Btu/lbm dry air

Ma 407
n"]aZ

"Given"
P=14.696 [psia]
T _1=50 [F]
phi_1=1.0

T 2=90 [F]
phi_2=0.80

T _3=70 [F]

"Analysis"

Fluid$="AirH20'

"1st stream properties"
h_1=enthalpy(Fluid$, T=T_1, P=P, R=phi_1)
w_1=humrat(Fluid$, T=T_1, P=P, R=phi_1)
"2nd stream properties"
h_2=enthalpy(Fluid$, T=T_2, P=P, R=phi_2)
w_2=humrat(Fluid$, T=T_2, P=P, R=phi_2)
(w_2-w_3)/(w_3-w_1)=(h_2-h_3)/(h_3-h_1)
Ratio=(w_2-w_3)/(w_3-w_1)

"mixture properties"”

phi_3=relhum(Fluid$, h=h_3, P=P, T=T_3)

h_3=enthalpy(Fluid$, R=phi_3, P=P, T=T_3)
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14-69
14-110 Two airstreams are mixed steadily. The temperature and the relative humidity of the mixture are to be determined.

Assumptions 1 Steady operating conditions exist 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential
energy changes are negligible. 4 The mixing section is adiabatic.

Properties Properties of each inlet stream are determined from the psychrometric chart (Fig. A-31 or from EES) to be
h, =88.5kJ/kg dry air
@, =0.0187 kg H,O/kg dry air
v, =0.914 m3/kg dry air

@ 4o

40%
and L/s
| N o
h, =36.7 ki/kg dry air P=1atm s @
@, =0.0085kg H,O/kg dry air / AIR Ts
v, =0.828m*/kg dry air 1L/s
Analysis The mass flow rate of dry air in each stream is @ ég;c
v . 3
g = 2= —20B8MTS 003087 kgss
v;  0.914m? [ kg dryair
v : ’
iy, = 22— OO0IMTTS 4 ho1008 kg

v, 0.828m?/kg dryair
From the conservation of mass,
M, = My, +M,, = (0.003282+0.001208) kg/s = 0.00449 kg/s

The specific humidity and the enthalpy of the mixture can be determined from Egs. 14-24, which are obtained by
combining the conservation of mass and energy equations for the adiabatic mixing of two streams:

My @ —oy hh—hy

My, @3- hg—h
0.003282 0.0085-w, 36.7—h,
0.001208  @,—0.0187 h,—885

which yields

@4 =0.0160 kg H,0O/kg dry air

hy =74.6 kJ/kg dry air
These two properties fix the state of the mixture. Other properties of the mixture are determined from the psychrometric
chart:

T, =33.4°C

@3 =0493=49.3%
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14-70
14-111 Two airstreams are mixed steadily. The rate of exergy destruction is to be determined.

Assumptions 1 Steady operating conditions exist 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential
energy changes are negligible. 4 The mixing section is adiabatic.

Properties Properties of each inlet stream are determined from the psychrometric chart (Fig. A-31 or from EES) to be
h, =88.5kJ/kg dry air
@, =0.0187 kg H,O/kg dry air
v, =0.914 m3/kg dry air

@ 4o

40%
and L/s
h, =36.7 ki/kg dry air P=1atm e @
@, =0.0085kg H,O/kg dry air / AR 3
v, =0.828m*/kg dry air 1L/s
The entropies of water vapor in the air streams are @ ég;c

Sgl = Sg @ 40°C = 82556 k\]/kg . K
ng = Sg @15°C = 87803 k-.]/kg . K

Analysis The mass flow rate of dry air in each stream is

v, . 3

=0 0033 M71S_ _0.003282kgls
vi 0.914m? /kgdryair
V' . 3

i, = Y2 Q00IMTIS 4001008 kgis

v, 0.828m?/kgdryair
From the conservation of mass,
My3 = My +M,, = (0.003282 +0.001208) kg/s = 0.00449 kg/s

The specific humidity and the enthalpy of the mixture can be determined from Egs. 14-24, which are obtained by
combining the conservation of mass and energy equations for the adiabatic mixing of two streams:

My - hy —hg

My @3-y My—h
0.003282 0.0085-w; 36.7—h,
0.001208 ¢, —0.0187 h,—885

which yields
@3 =0.0160 kg H,O/kg dry air
h; =74.6 kJ/kg dry air

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

T, =33.4°C
¢y =0.493

The entropy of water vapor in the mixture is
Sq3 =Sg@azacc =8.3833kJkg-K

An entropy balance on the mixing chamber for the water gives
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14-71
AS-w =M,30353 —My @, S; — My,
=0.00449x0.0160x8.3833—-0.003282x0.0187 x8.2556 —0.001208 x 0.0085x 8.7803
=5.426x10"° kW/K

The partial pressures of water vapor and dry air for all three air streams are
Pu = #1Pg1 = #1 Pt @ a0-c = (0.40)(7.3851kPa) = 2.954 kPa
P, =P, — P, =101.325-2.954 = 98.37 kPa
Pr2 =#2Pg2 = #: Pt @1soc = (0.80)(1.7057 kPa) =1.365 kPa
P,, =P, —P,, =101.325-1.365 = 99.96 kPa
Pz = #3Py3 = #3Pst @33.4oc = (0.493)(5.150 kPa) = 2.539 kPa
P,s = P; —P,3 =101.325-2.539 =98.79 kPa

An entropy balance on the mixing chamber for the dry air gives

AS.a = ma1(53 _Sl)+ma2 (53 _52)

T P T P
=mgy|c, 2RI [+l c, In-2-RIn—2
Tl al TZ a2

3064 _ 0.287)1n 2872 1., 0.001208] (1.005) In 34 _ (0.287) In 2872
313 98.37

288 99.96
= (0.003282)(—0.02264) + (0.001208)(0.06562)
=4.964x107% kW/K

= o.ooszsz{(1.005) In

The rate of entropy generation is
Sgen =AS, +AS,, =4.964x107° +5.426x107° =10.39x10"° kW/K
Finally, the rate of exergy destruction is

X gest = ToSgen = (298 K)(10.39x107° kW/K) =0.0031kW
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14-72
Wet Cooling Towers

14-112C The working principle of a natural draft cooling tower is based on buoyancy. The air in the tower has a high
moisture content, and thus is lighter than the outside air. This light moist air rises under the influence of buoyancy,
inducing flow through the tower.

14-113C A spray pond cools the warm water by spraying it into the open atmosphere. They require 25 to 50 times the area
of a wet cooling tower for the same cooling load.
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14-73
14-114 Water is cooled by air in a cooling tower. The volume flow rate of air and the mass flow rate of the required
makeup water are to be determined.

Assumptions 1 Steady operating conditions exist and thus mass flow rate of dry air remains constant during the entire
process. 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are negligible. 4 The cooling
tower is adiabatic.

Analysis (a) The mass flow rate of dry air through the tower remains constant (r,; = m,, =m,), but the mass flow rate of

liquid water decreases by an amount equal to the amount of water that vaporizes in the tower during the cooling process.
The water lost through evaporation must be made up later in the cycle to maintain steady operation. Applying the mass
and energy balances yields

Dry Air Mass Balance:
Z:ma,i = Zma,e > mal = I'ﬁziZ = rﬁa

Water Mass Balance:
AIR 32°C

XMy =2Mye = Mg +My o =My +Myo, EXIT \& 950

m3_m4:ma(a)z_a)l):mmakeup TTTTTT
Energy Balance: WARM @ /JQOO

Ein - Eout = AEsystem7IO (steady) — 0 WEB I )
£y Eu e Yy
Sriyh = Xrgh,  (since Q =W =0)
0=2Xmeh, — X m;h;

0= myzh, +MMyhy — Myyhy — gy \ AIR
0=t (hy — hy) + (1% — My )1y — Mahs N INLET
atm
Solving for m, , Tap = 22°C
, Twp = 16°C
M. = ms(h; —hy) wb
¢ (h—h) (0, —wy)h, T
From the psychrometric chart (Fig. A-31 or EES), Makeup water

h, = 44.7 ki/kg dry air

@, =0.008875kg H,0O/kg dry air

v, =0.848 m3/kg dry air
and

h, =106.6 kJ/kg dry air

@, =0.02905 kg H,O/kg dry air
From Table A-4,

h3 =h¢ g40c =167.53kJ/kg H,0

hy =h¢ g3poc =125.74kJ/kg H,0
Substituting,

(40 kg/s)(167.53 —125.74)kJ/kg

m, = =28.17 kgls
(106.6 — 44.7) kJ/kg — (0.02905 — 0.008875)(125.74) k/kg

Then the volume flow rate of air into the cooling tower becomes
V, = v, =(28.17 kg/s)(0.848 m® / kg) = 23.9 m?/s
(b) The mass flow rate of the required makeup water is determined from
Mmakeup = Ma (@, — @) = (28.17 kg/s)(0.02905 — 0.008875) = 0.568 kg/s
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14-74

14-115 Water is cooled by air in a cooling tower. The relative humidity of the air at the exit and the water’s exit
temperature are to be determined.

Assumptions 1 Steady operating conditions exist and thus mass flow rate of dry air remains constant during the entire
process. 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are negligible. 4 The cooling
tower is adiabatic.

Analysis The mass flow rate of dry air through the tower remains constant (m,; = m,, =m,), but the mass flow rate of

liquid water decreases by an amount equal to the amount of water that vaporizes in the tower during the cooling process.
The water lost through evaporation must be made up later in the cycle to maintain steady operation. Applying the mass and
energy balances yields

Dry Air Mass Balance:
Zma,i =2 ma,e > mal = maz = ma

Water Mass Balance:

AIR 20°C
LMy =2XMye = Mg +Myo =M, + M0, EXIT w=0.014
m3_m4:ma(a)2_wl):mmakeup TTTTTT
Energy Balance: WARM /JQGOL\
I:;in - I:;out = AE.System 70(steady) — 0 WﬂERy @ D)
Ein = Eou 32°C ANANAA AN
Sh =S.h,  (sinceQ =W =0) 4 kals
0=2meh, -2 m;h;
0 = i1,y +mizh, — My hy —rghy X D AR
0=m, (hy —hy) + (M3 —Mpareup)Ns —Mshg \INLET
Solving for hy, 11?;”8
hy = shs —hg (h; —hy) v 20%
M3 = Mnakeup WATER 4.2 kyls

From the psychrometric chart (Fig. A-31), Makeup water

h; =20.4kJ/kg dry air
@, =0.00211kg H,0O/kg dry air
v, =0.819 m®/kg dry air
and
h, =55.7 kd/kg dry air
¢, =1=100%
From Table A-4,
hy =h¢ gapec =134.1kJ/kgH,0

AISO,  Mieup = My (@ —@y) = (4.2 kg/s)(0.014—0.00211) = 0.050 kg/s

Substituting,
_mghg—m, (h, —h;)  (4)(134.1)-(0.12)(55.7 - 20.4)
M3~ Mpakeup 4-0.050

h, = 98.31kJ/kg H,0

The exit temperature of the water is then (Table A-4)
Ty =Tae h; =98.31kJ/kg — 23.4°C
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14-75

14-116 Water is cooled by air in a cooling tower. The volume flow rate of air and the mass flow rate of the required
makeup water are to be determined.

Assumptions 1 Steady operating conditions exist and thus mass flow rate of dry air remains constant during the entire
process. 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are negligible. 4 The cooling
tower is adiabatic.

Analysis (a) The mass flow rate of dry air through the tower remains constant (r,; = m,, =m,), but the mass flow rate of
liquid water decreases by an amount equal to the amount of water that vaporizes in the tower during the cooling process.
The water lost through evaporation must be made up later in the cycle to maintain steady operation. Applying the mass and
energy balances yields

Dry Air Mass Balance:

35°C
Zma,i :Zma,e—_)mal =My, =M, @ 100%

Water Mass Balance. RRARAN

) rhW,i =2 rhW,e

Mg + My @ =My +Myyw, WATER @
Mz —m, =m, (@, _wl):mmakeup — < D)
40°C
Energy Balance: 25 kgl /n\ /ﬂ\ /n\ /‘\ /ﬂ\ /ﬂ\
. . . 20 (stead . .
Ein — Eout = AEsystem (eady) 0——Ej, =Equ D
Ymh =Xrmh, (sinceQ=W =0) System
. . boundary
Ozzmehe—zmihi \ @
0=mg,h, +mhy —mMyhy —mghy \\ AIR
0=mg,(h, —hy) +(M; — rhmakeup)h4 —mghg @ 96 kPa
- g (h; —hy) -— 20°C
My = 30°C 70%
: (hy =hy) — (@, — @), °

The properties of air at the inlet and the exit are T
Pa = $iPy1 = #iPar@ 20°c = (0.70)(2.3392 kPa) = 1.637 kPa Makeup

P, =P —P, = 961637 = 94.363kPa

o Ral _ (0287kPa-m*/kg-K)(293K) _ 0.891m?*/ kg dry air
Yopy 94.363kPa
_0622R, _0.622(1637kPa) _ 1051 H,0/kg dry air

R-P, (96-1.637)kPa
hy = ¢, Ty + @hy; = (L.005 ki/kg - °C)(20°C) + (0.0108)(2537.4 ki/kg) = 47.5 kJ/kg dry air

and PR, =Py, = hPugasc = (1.00)(5.6291kPa) =5.6291kPa
_0.622R,, _ 0.622(5.6291kPa)
P,—P, (96-5.6291)kPa
hy = c,T, + @phy, = (LO05 kI/kg - °C)(35°C) + (0.0387)(2564.6 ki/kg) = 134.4 ki/kg dry air

From Table A-4,
hy =h¢ g 40c =167.53kJ/kg H,0

hy =h¢ g3pec =125.74kl/kg H,0
Substituting,

W, =0.0387 kg H,0O/kg dry air

f (25 kg/s)(167.53 — 125.74)kd/kg
% (134.4-47.5) ki/kg — (0.0387 — 0.0108)(125.74) k/kg
Then the volume flow rate of air into the cooling tower becomes
V, = v, = (12.53kg/s)(0.891m* / kg) =11.2m?>/s
(b) The mass flow rate of the required makeup water is determined from
Mmakeup = Ma (@, — @) = (12.53 kg/s)(0.0387 — 0.0108) = 0.35kg/s

=12.53kg/s
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14-117 A natural-draft cooling tower is used to remove waste heat from the cooling water flowing through the condenser of
a steam power plant. The mass flow rate of the cooling water, the volume flow rate of air into the cooling tower, and the
mass flow rate of the required makeup water are to be determined.

Assumptions 1 All processes are steady-flow and the mass flow rate of dry air remains constant during the entire process
(m, =m,, =m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are negligible.

Analysis The inlet and exit states of the moist air for the tower are completely specified. The properties may be determined
from the psychrometric chart (Fig. A-31) or using EES psychrometric functions to be (we used EES)

h, =50.74 ki/kg dry air
@, =0.01085 kg H,O/kg dry air
v, = 0.8536 m®/kg dry air
h, =142.83 kJ/kg dry air
®, =0.04112 kg H,O/kg dry air
@ W @

The enthalpies of cooling water at the inlet and exit
of the condenser are (Table A-4) Makteup
water

hW3 = h f@ 40°C = 16753 k\]/kg
hW4 = h f@ 26°C = 10901 kJ/kg

T2 =37°C Tl =23°C
,=100% AIR ¥ Tww=18C

The steam properties for the condenser are (Steam tables)
Py =200 kPa

h., =504.71kJ/k
Xy =0 } sl g

P, =10kPa

he, = 2524.3kJ/kg
s, = 7.962 ki/kg.K
P, =10kPa

h; =191.81kJ/k
Xg = 0 } s3 g

The mass flow rate of dry air is given by
_Y 2
" v 0.8536m°/kg
The mass flow rates of vapor at the inlet and exit of the cooling tower are

v

My

m,; = o,m, = (0.01085 =0.01271V,
vl My ( ) 0.8536 1
v .
m,, = w,m, = (0.04112 1 —0.04817V,
v2 = @My = ( ) 0.8536 1

Mass and energy balances on the cooling tower give

My; + Meyg = Myp +Meya

My hy +Meyshys = Mahy +Meahya
The mass flow rate of the makeup water is determined from

mmakeup =My, =My =Meyg —Meys
An energy balance on the condenser gives

0.18mghg; +0.82Mshg, +MeyaNiya + MiaeupNua = Mg hgg +Meyghys
Solving all the above equations simultaneously with known and determined values using EES, we obtain

Mg = 1413 kg/s
v, =47,700 m3/min
mmakeup =28.19 kg/s
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14-77
14-118E Water is cooled by air in a cooling tower. The mass flow rate of dry air is to be determined.

Assumptions 1 Steady operating conditions exist and thus mass flow rate of dry air remains constant during the entire
process. 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are negligible. 4 The cooling
tower is adiabatic.

Analysis The mass flow rate of dry air through the tower remains constant (m,, =m,, =m,), but the mass flow rate of

liquid water decreases by an amount equal to the amount of water that vaporizes in the tower during the cooling process.
The water lost through evaporation must be made up later in the cycle to maintain steady operation. Applying the mass and
energy balances yields

Dry Air Mass Balance:

Zma'i = Zma’e _— mal = ma2 = ma
Water Mass Balance: AIR _—
Sy =Xy, = Mg + My =My + Mo, EXIT 80%

rh3_m4:rha(wz_a)l):rhmakeup TTTTTT
Energy Balance: WARM ©) /J \\

WATER
Ein — Eout = AEsystem7IO e =0 95°—F> — AANANN N)
Ein = Eout 3 Ibm/s
Zmihy =>mh,  (sinceQ =W =0)

O=mhe-zmh N AR

0 = my5hy +yhy —Mgyhy —mghg @ INLET

0 =y (hy —hy) + (Mg — mmakeup)h4 —ghy @ 1 atm
Solving for m,, gg;;

M (hs —hy)

m
: (hy =) = (@, =y )h,

From the psychrometric chart (Fig. A-31E),

h, =19.9 Btu/lbm dry air
@, =0.003911bm H,O/lbm dry air

v, =13.31ft%/lbm dry air
and

h, =34.3 Btu/lom dry air

®, =0.0149 Ibm H,O/Ibm dry air
From Table A-4E,

h3 = hf @gsoc = 6304 Btu/lbm Hzo

h4 = hf @SOOC :48.07 BtU/|bm Hzo
Substituting,

I (31bm/s)(63.04 — 48.07)Btu/lbm
% (34.3-19.9) Btu/lbm — (0.0149 — 0.00391)(48.07) Btu/lbm

=3.221bm/s
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14-78
14-119E Water is cooled by air in a cooling tower. The exergy lost in the cooling tower is to be determined.

Assumptions 1 Steady operating conditions exist and thus mass flow rate of dry air remains constant during the entire
process. 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are negligible. 4 The cooling
tower is adiabatic.

Analysis The mass flow rate of dry air through the tower remains constant (m,, =m,, =m,), but the mass flow rate of

liquid water decreases by an amount equal to the amount of water that vaporizes in the tower during the cooling process.
The water lost through evaporation must be made up later in the cycle to maintain steady operation. Applying the mass and
energy balances yields

Dry Air Mass Balance:

Zma'i = Zma’e — > mal = maz = ma
Water Mass Balance: AR —_—
2 n;]W,i = me,e - m3 + malwl = m4 + maza)z EXIT 80%

My — My =My (@, — @) = r'hmakeup T T TGT T T
Energy Balance: WARM @ /J L\

WATER
. . . O d —> L )
Ein — Eout = AEsystem7| (eady) 0 95°F /A‘\ /ﬂ‘\ /ﬂ\\ /t\\ /‘\\ ]\V
Ein = Eout 3 1bm/s
Y rh =X mh, (sinceQ =W =0)
0=Zmehe—zmihi \ AIR
0 = i ,hy + My, — M h, — Mgh \®INLET
0 =y (hy —hy) + (Mg — rhmalkeup)h4 —ghy @ 1 atm
i , 65°F
Solving for m,, 30%
ms (h; —h,)

m
: (hy =) = (@, =y )h,

From the psychrometric chart (Fig. A-31E),

h, =19.9 Btu/lbm dry air
@, =0.003911bm H,O/lbm dry air

v, =13.31ft%/lbm dry air
and

h, =34.3 Btu/lom dry air

®, =0.0149 Ibm H,O/Ibm dry air
From Table A-4,

h3 = hf @95°F = 6304 Btu/lbm Hzo

h4 = hf @80°F &S 48.07 BtU/|bm Hzo
Substituting,

I (31bm/s)(63.04 — 48.07)Btu/lbm
% (34.3-19.9) Btu/lbm — (0.0149 — 0.00391)(48.07) Btu/lbm

=3.22 Ibm/s

The mass of water stream at state 3 per unit mass of dry air is

_m; _ 3lbmwater/s

— =—————————=0.9317 Ibm water/lbm dry air
m, 3.22Ibmdry air/s

3

The mass flow rate of water stream at state 4 per unit mass of dry air is
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14-79
m, =my — (w, — ;) =0.9317 — (0.0149 — 0.00391) = 0.9207 Ibm water/Ibom dry air
The entropies of water streams are
S3 =S goser = 0.12065 Btu/lbm - R
S4 =St @soer = 0.09328 Btu/lbm - R

The entropy change of water stream is
ASyater =MyS4 —M3S; =0.9207 x 0.09328 — 0.9317 x 0.12065 = —0.02653 Btu/R - Ibm dry air

The entropies of water vapor in the air stream are
Sgl = Sg @65°F = 20788 Btu/lbm M R
ng = Sg @800’: &S 2.0352 BtU/'bm . R

The entropy change of water vapor in the air stream is
AS apor = @pSqp — @;S¢p =0.0149 x 2,0352 — 0.00391 x 2.0788 = 0.02220 Btu/R - Iom dry air

The partial pressures of water vapor and dry air for air streams are
Py =#1Py1 = ¢ Pt @eser = (0.30)(0.30578 psia) = 0.0917 psia
P,y =P, — P, =14.696 — 0.0917 =14.60 psia
P2 =#,Py2 = ¢, Psar @ 75oF = (0.80)(0.43016 psia) = 0.3441 psia
P, =P, — P,, =14.696 — 0.3441=14.35psia

The entropy change of dry air is

T P,
Asy =S, -5, =C,In-=—RIn—22
Tl al
=(0.240)In 535 (0.06855) In 14.35 =0.005712 Btu/lbm dry air
525 14.60

The entropy generation in the cooling tower is the total entropy change:
Sgen = ASwater + ASyapor + Ay =—0.02653 +0.02220 +0.005712 = 0.001382 Btu/R - Ibm dry air

Finally, the exergy destruction per unit mass of dry air is
Xgest = ToSgen = (525 R)(0.001382 Btu/R - Iomdry air) =0.726 Btu/lbmdry air
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14-80

Review Problems

14-120 Air is compressed by a compressor and then cooled to the ambient temperature at high pressure. It is to be
determined if there will be any condensation in the compressed air lines.

Assumptions The air and the water vapor are ideal gases.
Properties The saturation pressure of water at 20°C is 2.3392 kPa (Table A-4)..
Analysis The vapor pressure of air before compression is
Py = #1Py = #1Par@2sec = (0.50)(2.3392kPa) =1.17 kPa
The pressure ratio during the compression process is (800 kPa)/(92 kPa) = 8.70. That is, the pressure of air and any of its
components increases by 8.70 times. Then the vapor pressure of air after compression becomes

P,, = Py1 x (Pressure ratio) = (1.17 kPa)(8.70) =10.2 kPa
The dew-point temperature of the air at this vapor pressure is
po =Tey @Pr, =~ Tsat @10.2kPa = 46.1°C

which is greater than 20°C. Therefore, part of the moisture in the compressed air will condense when air is cooled to 20°C.

14-121E The mole fraction of the water vapor at the surface of a lake and the mole fraction of water in the lake are to be
determined and compared.

Assumptions 1 Both the air and water vapor are ideal gases. 2 Air is weakly soluble in water and thus Henry’s law is
applicable.

Properties The saturation pressure of water at 60°F is 0.2564 psia (Table A-4E). Henry’s constant for air dissolved in water
at 290 K (60°F) is given in Table 16-2 to be H = 62,000 bar. Since we do not have the value at 50°F, we may use this value.

Analysis The air at the water surface will be saturated. Therefore, the partial pressure of water vapor in the air at the lake
surface will simply be the saturation pressure of water at 60°F,

Pvapor = Fsat@s0°F = 0-1781p5ia

. . . . Ai
Assuming both the air and vapor to be ideal gases, the mole fraction "
. - ! : 14.5 psi
of water vapor in the air at the surface of the lake is determined to be 50°F
P

vapor  0.1781 psia
= = =0.0123 (or 1.23 percent
Yvapor P 14.5 psia ( P )

The partial pressure of dry air just above the lake surface is
Pary air = P — Pyapor =14.5-0.1781=14.32 psia

Then the mole fraction of air in the water becomes

Pdryair,gasside _ 14.32 pSla(latm/14696 pSia)

= = =1.593x10"°
Ydryair,liquidside H 62,000 bar(1 atm/1.01325 bar)

which is very small, as expected. Therefore, the mole fraction of water in the lake near the surface is
5
Y water,liquid side = 1- Ydryair, liquid side = 1-1.593x107" =1.0

Discussion The concentration of air in water just below the air-water interface is 1.59 moles per 100,000 moles. The
amount of air dissolved in water will decrease with increasing depth.
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14-81

14-122E A room is cooled adequately by a 7500 Btu/h air-conditioning unit. If the room is to be cooled by an evaporative
cooler, the amount of water that needs to be supplied to the cooler is to be determined.

Assumptions 1 The evaporative cooler removes heat at the same rate as the air conditioning unit. 2 Water evaporates at an
average temperature of 70°F.

Properties The enthalpy of vaporization of water at 70°F is 1053.7 Btu/lbm (Table A-4E).

Analysis Noting that 1 Ibm of water removes 1053.7 Btu of heat as it evaporates, the amount of water that needs to
evaporate to remove heat at a rate of 7500 Btu/h is determined from O = Myaterhy, 1O DE

_Q _ 7800BWh o5 pmm

" hyy  1053.7 Btu/lbm

14-123E The required size of an evaporative cooler in cfm (ft/min) for an 8-ft high house is determined by multiplying the
floor area of the house by 4. An equivalent rule is to be obtained in SI units.

Analysis Noting that 1 ft = 0.3048 m and thus 1 ft* = 0.0929 m? and 1 ft® = 0.0283 m?, and noting that a flow rate of 4
ft/min is required per ft? of floor area, the required flow rate in Sl units per m? of floor area is determined to

1ft2 < 4ft3 /min
0.0929 m? <> 4x0.0283m? / min
1m? < 1.22m?3 /min

Therefore, a flow rate of 1.22 m*min is required per m? of floor area.

14-124 A cooling tower with a cooling capacity of 220 kW is claimed to evaporate 9500 kg of water per day. It is to be
determined if this is a reasonable claim.

Assumptions 1 Water evaporates at an average temperature of 30°C. 2 The coefficient of performance of the air-
conditioning unit is COP = 3.

Properties The enthalpy of vaporization of water at 30°C is 2429.8 kJ/kg (Table A-4).
Analysis Using the definition of COP, the electric power consumed by the air conditioning unit when running is
W. — Qcooling _ 220 kw
in — -
COP

Then the rate of heat rejected at the cooling tower becomes

=73.33kW

Qrejected = Qcooling +Win =220+73.33=293.3kW

Noting that 1 kg of water removes 2429.8 kJ of heat as it evaporates, the amount of water that needs to evaporate to remove
heat at a rate of 293.3 kW is determined from Qrejected = lyyater i, 10 bE

Myater = Quegeces __2033KIs__ 157 kgls = 434.6 kg/h = 10,430 kg/day
hy  2429.8klkg

In practice, the air-conditioner will run intermittently rather than continuously at the rated power, and thus the water use
will be less. Therefore, the claim amount of 9500 kg per day is reasonable.
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14-82

14-125E It is estimated that 190,000 barrels of oil would be saved per day if the thermostat setting in residences in summer
were raised by 6°F (3.3°C). The amount of money that would be saved per year is to be determined.

Assumptions The average cooling season is given to be 120 days, and the cost of oil to be $20/barrel.
Analysis The amount of money that would be saved per year is determined directly from
(190,000 barrel/day)(120 days/year)($70/barrel) = $1,596,000,000

Therefore, the proposed measure will save more than one and half billion dollars a year.

14-126 Shading the condenser can reduce the air-conditioning costs by up to 10 percent. The amount of money shading can
save a homeowner per year during its lifetime is to be determined.

Assumptions It is given that the annual air-conditioning cost is $500 a year, and the life of the air-conditioning system is
20 years.

Analysis The amount of money that would be saved per year is determined directly from
($500/ year)(20 years)(0.10) = $1000

Therefore, the proposed measure will save about $1000 during the lifetime of the system.

14-127 Air at a specified state is heated to to a specified temperature. The relative humidity after the heating is to be
determined.

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire
process (m, =m,, =m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are

negligible.
Analysis The properties of the air at the ambient state are determined from the psychrometric chart (Figure A-31) to be

@, =0.0015 kg H,O/kg dry air (= @,)

As the outside air infiltrates into the dacha, it does not gain or
lose any water. Therefore the humidity ratio inside the dacha is
the same as that outside,
. o 18°C
®, =, =0.0015kg H,0O/kg dry air 0°Cc _,
40% —- @
Entering the psychrometry chart at this humidity ratio and the 1atm AIR

temperature inside the dacha gives
¢, =0.118=11.8%
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14-83

14-128 Air is humidified by evaporating water into this air. The amount of heating per m® of air is to be determined.

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire
process (M, =m,, =m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are

negligible.

Properties The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The properties of
the air at various states are determined from the psychrometric chart (Figure A-31) to be

and

Also,

h, =21.9kJ/kg dry air
@, =0.00151kg H,O/kg dry air
v, =0.8268 m*>/kg dry air

1 atm .
h, =37.7 kd/kg dry air 18°C égo/c
w, =0.00773kg H,0/kg dry air 11.8% 0

hy =Ny gooec =83.92kikg  (Table A-4)

Analysis The amount of moisture in the air increases due to humidification (v, > @ ). Applying the water mass balance
and energy balance equations to the combined cooling and humidification section,

Water Mass Balance:

XMy =2My e ——>Myo; =My, +M,,

Energy Balance:

—Eou = AEgystem
Ein = Eout
Ymih +Q;, =X m.h,
Qin =Myohy —Myhy —myhy, =m, (h; —h)—myhy,

E &0 (steady) -0

in

Qin =hy —h; = (@, — @y )h,
= (37.7-21.9)kJ/kg — (0.00773-0.00151)(83.92)

=15.28 ki/kg dry air

The heat transfer per unit volume is

Gin _ 15.28kJ/kg dry air

= =18.5kJ/m?
v;  0.827 m3/kg dry air

Qin =
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14-84

14-129E Air is cooled by evaporating water into this air. The amount of water required and the cooling produced are to be
determined.

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire
process (m, =my, =m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are

negligible.

Properties The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The properties of
the air at various states are determined from the psychrometric chart (Figure A-31E) to be

h, = 35.6 Btu/lbm dry air

@, =0.0082 Ibm H,O/Ibm dry air # Water
and ﬂ 70°F
h, =34.3 Btu/lbm dry air 1 atm 750F
@, =0.0149 Ibm H,0/Ibm dry air 110°F 80%
15%
Also,

h, =h¢ g70-r =38.08 Btu/lom  (Table A-4E)

Analysis The amount of moisture in the air increases due to humidification (@, > @ ). Applying the water mass balance
and energy balance equations to the combined cooling and humidification section,

Water Mass Balance:
XMy =XMy e ——>Myo; =My, +M,,
Ao =, — v, =0.0149 - 0.0082 =0.0067 Ibm H,O/klbm dry air

Energy Balance:
Ein — Eout = AI:;sys'[em S0 steatly) 0

Ein = Eout
Zn.’]ihi :Qout + Z:mehe
Qout = malhl + n;]whw - mazhz = ma (hl - hz) + r.hwhw

in

qOUt = hl - h2 + (a)z - a)l)hw
= (335.6 — 34.3)Btu/lbm + (0.0067)(38.08)

=1.47 Btu/lbm dry air

PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.



www.semeng.ir

www. 20f 11 e. org

14-85
14-130E Air is humidified adiabatically by evaporating water into this air. The temperature of the air at the exit is to be
determined.

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire
process (M, =m,, =m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are

negligible.
Properties The inlet state of the air is completely specified, and the total pressure is 1 atm. The properties of the air at the
inlet state are determined from the psychrometric chart (Figure A-31E) to be

h, =35.6 Btu/lbm dry air
@, =0.0082 Ibm H,O/Ibm dry air

and h, =h¢ g70-r =38.08 Btu/lom  (Table A-4E)

Analysis The amount of moisture in the air increases due to humidification (w, > @ ). Applying the water mass balance
and energy balance equations to the combined cooling and humidification section,

Water Mass Balance:
2 mW,i =2 mw,e > malwl = mazwz + mw

My, =M, (@, — ;)

Energy Balance:

. . . latm
&0 (stead

Ein —Eouwt = AEsystem e =0 110°F

E.in = E.out 15%

My hy +myhy, =mg,h,
rhwhw = rha (h2 - hl)
(0, —p)hy, =hy =y
Substituting,
(w, —0.0092)(83.92) =h, —64.0

The solution of this equation requires a trial-error method. An air exit temperature is assumed. At this temperature and the
given relative humidity, the enthalpy and specific humidity values are obtained from psychrometric chart and substituted
into this equation. If the equation is not satisfied, a new value of exit temperature is assumed and this continues until the
equation is satisfied. Alternatively, an equation solver such as EES may be used for the direct results. We used the
following EES program to get these results:

T, =79.6°F
h, =35.8 Btu/lbm dry air
@, =0.0152 Ibm H,O/Ibm dry air

"Given"

P=14.696 [psia]

T _1=110[F]

phi_1=0.15

phi_2=0.70

T _w=70 [F]

"Analysis"

Fluid1$="AirH20'

Fluid2$="steam_iapws'
h_1=enthalpy(Fluid1$, T=T_1, R=phi_1, P=P)
w_1=humrat(Fluid1$, T=T_1, R=phi_1, P=P)
h_2=enthalpy(Fluid1$, T=T_2, R=phi_2, P=P)
w_2=humrat(Fluid1$, T=T_2, R=phi_2, P=P)
h_w=enthalpy(Fluid2$, T=T_w, x=0)

q
q

0
h _1-h_2+(w_2-w_1)*h_w
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14-86

14-131E Air is cooled and dehumidified at constant pressure. The rate of cooling and the minimum humid air temperature
required to meet this cooling requirement are to be determined.

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire
process (M, =m,, =m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are

negligible.

Properties The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The properties of
the air at various states are determined from the psychrometric chart (Figure A-31) to be

h, =50.6 Btu/lbm dry air

, =0.02631bm H,0/lbm dry air Y A
Cooling coils
v, =14.44 #t3/Ibm dry air g
nd ;22::;(?;: v b tam o T ;11::32;2
h, = 28.2 Btu/lom dry air > b 0 ¥=Condensate
, =0.0093 Ibm H,0/Ibm dry air O w-w 0
We assume that the condensate leaves this system at the l Condensate
average temperature of the air inlet and exit. Then, 82.5°F removal

hy, =N¢ @g25F =50.56 Btu/lbm  (Table A-4)

Analysis The amount of moisture in the air decreases due to dehumidification (w, < w1). The mass of air is

A 1000 ft*

= 3 —=169.25Ibm
vy 14.441t° [ lbmdry air

m, =

Applying the water mass balance and energy balance equations to the combined cooling and dehumidification section,

Water Mass Balance:

2y = 2m, , ——> My =My, +M,

m,, =M, (o, - ®,) = (69.25 kg)(0.0263 - 0.0093) =1.177 lbm
Energy Balance:

Eiy —Eout = Alésystem‘g0 (steady) _ g
Ein = Eout
Emih; = Qg + X Mgh,
Qout = Mashy —(Myoh, +myhy,) =, (hy —hy) -y,
Qout =Ma(hy —hy)—mh,,
Qut = (69.25kg)(50.6—28.2)Btu/Ibm —(1.177 Ibm)(50.56 Btu/lbm)
=1492 Btu

For the desired dehumidification, the air at the exit should be saturated with a specific humidity of 0.0093 Ibm water/lbm
dry air. That is,

¢, =1.0
@, =0.0093 Ibm H,O/Ibm dry air
The temperature of the air at this state is the minimum air temperature required during this process:

T, =55.2°F
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14-87

14-132E Air is cooled and dehumidified at constant pressure by a simple ideal vapor-compression refrigeration system. The
system’s COP is to be determined.

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire
process (m,, =m,, =m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are

negligible.

Analysis The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The properties of
the air at various states are determined from the psychrometric chart (Figure A-31) to be

h, =50.6 Btu/lbm dry air

. 4 J
=0.02631bm H,0/Ibm dry air I
“1 2 Y Cooling coils
v, =14.44ft3/Ibm dry air
and T,=75F > - Ti=90°F
$2=50% 2 b lam $1=85%
h, = 28.2 Btu/lbm dry air > 0 40 ¥ =Condensate
, = 0.0093 Ibm H ,O/lbm dry air o = @
For the desired dehumidification, the air at the exit should be l Condensate
§rar:ura_1ted with a specific humidity of 0.0093 Ibm water/lbm dry air. 82.5°F ~ Lemoval
at is,
#, =1.0

@, =0.0093 Ibm H,O/Ibm dry air
The temperature of the air at this state is the minimum air temperature required during this process:
Ty min = 55.2°F
From the problem statement, the properties of R-134a at various states are (Tables A-11E through A-13E or from EES):

T, =55.2-10=45.2°F

sal 2°F —

S, =S4 @ s5psia = 0-22156 Btu/lbm-R

sat. vapor

T =90+19.5=109.5°F .
P, = Pyt @1005oF =160 psia ¢ h, =119.01kJ/kg

S, =5,

P; =160 psia

sat. liquid } hs =Nt @160 psia = 4852 Btu/lbm

h, = h; =48.52 Btu/lbm (throttling)

-~
(Y

\ 45.2°F
The COP of this system is then / 4s 4 o,
h,—h, 109.49-4852

cop=Jc _ - _
w,  h,—h, 119.01-109.49

6.40 S
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14-88

14-133 A tank contains saturated air at a specified state. The mass of the dry air, the specific humidity, and the enthalpy of
the air are to be determined.

Assumptions The air and the water vapor are ideal gases.

Analysis (a) The air is saturated, thus the partial pressure of water vapor is equal to the saturation pressure at the given

temperature,
PV = Pg = Psat@zooc = 2339 kpa
P, =P—-P, =90-2.339=87.66 kPa 1.8m’
N . 20°C
Treating air as an ideal gas, 90 kPa

PV (87.66 kPa)(1.8 m®) B
R.T  (0.287kPa-m®/kg-K)(293K)

kg

a

(b) The specific humidity of air is determined from

_ 0.622P,  (0.622)(2.339 kPa)
P-P,  (90-2.339)kPa

=0.0166 kg H,O/kgdry air

(c) The enthalpy of air per unit mass of dry air is determined from
h=h, + wh, =c,T + ohy
= (1.005 kJ/kg - °C)(20°C) + (0.0166)(2537.4 kJ/kg)
=62.2 kd/kgdry air
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13
14-134 E Problem 14-133 is reconsidered. The properties of the air at the initial state are to be determined and the
effects of heating the air at constant volume until the pressure is 110 kPa is to be studied.

Analysis The problem is solved using EES, and the solution is given below.

"Input Data:"
Tdb[1] = 20 [C]
P[1]=90 [kPa]
Rh[1]=1.0
P[2]=110 [kPa]
Vol = 1.8 [m"3]

w[1]=HUMRAT (AirH20,T=Tdb[1],P=P[1],R=Rh[1])
v[1]=VOLUME(AiIrH20,T=Tdb[1],P=P[1],R=Rh[1])
m_a=Vol/v[1]

h[1]=ENTHALPY (AirH20,T=Tdb[1],P=P[1],w=w[1])

"Energy Balance for the constant volume tank:"

E_in- E_out = DELTAE_tank

DELTAE_tank=m_a*(u[2] -u[1])

E_in=Q_in

E_out =0 [kJ]

u[1]=INTENERGY (AirH20,T=Tdb[1],P=P[1],w=w[1])
u[2]=INTENERGY (AirH20,T=Tdb[2],P=P[2],w=w[2])

"The ideal gas mixture assumption applied to the constant volume process yields:"
P[11/(Tdb[1]+273)=P[2]/(Tdb[2]+273)

"The mass of the water vapor and dry air are constant, thus:"
w[2]=w[1]

Rh[2]=RELHUM(AirH20,T=Tdb[2],P=P[2],w=w[2])
h[2]=ENTHALPY (AirH20,T=Tdb[2],P=P[2],w=w[2])
v[2]=VOLUME(AiIrH20,T=Tdb[2],P=P[2],R=Rh[2])

PROPERTIES AT THE INITIAL STATE
h[1]=62.25 [kJ/kga]

m_a=1.875 [kga]

v[1]=0.9599 [m"3/kga]

w[1]=0.01659 [kgw/kga]

100 : : : : : : : : : :
P, Qi 90
[kPa] [kJ] i i
90 0 80
92 9.071 20
94 18.14 I |
96 27.22 = 60
98 36.29 < of .
100 | 45.37 el |
102 | 54.44 & 40
104 | 63.52 . .
106 | 72.61 30
108 | 81.69 20l ]
110 | 90.78 i 1
10
0 | | | | | | | | | |
90 92 94 96 98 100 102 104 106 108 110

P[2] [kPa]
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14-90

14-135E Air at a specified state and relative humidity flows through a circular duct. The dew-point temperature, the
volume flow rate of air, and the mass flow rate of dry air are to be determined.

Assumptions The air and the water vapor are ideal gases.

Analysis (a) The vapor pressure of air is

AIR
P, =Py = P @eo-r = (0.50)(0.2564 psia) = 0.128 psia 15 psia
) o ' 50 f/s
Thus the dew-point temperature of the air is 60°F. 50%

po :Tsat@Pv :Tsat@O.lZBpsia =41.3°F (from EES)

(b) The volume flow rate is determined from

2 2
V=VA=V ”'Z = (50 ft/s)[%} —17.45 ft3/s

(c) To determine the mass flow rate of dry air, we first need to calculate its specific volume,
P, =P—-P, =15-0.128 =14.872 psia

o — Rl _ (0.3704 psia-ft®/1bm-R)(520R)

1 _ =12.95ft*/Ibmdry air
Pa 14.872 psia

Thus,

Y 17451Es

= 3 — =1.35Ibm/s
v, 12.95ft°/Ibmdry air

mal
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14-91

14-136 Air enters a cooling section at a specified pressure, temperature, and relative humidity. The temperature of the air at
the exit and the rate of heat transfer are to be determined.

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire
process (i, =m,, =m,).2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are
negligible.

Analysis (a) The amount of moisture in the air also remains constant (@, = w,) as it flows through the cooling section

since the process involves no humidification or dehumidification. The total pressure is 97 kPa. The properties of the air at
the inlet state are

PVl = ¢.|.Pgl = ¢_|_F)Sat@3500 = (03)(5629 kPa) :169 kPa
Cooling
P,=P —P,=97-1.69=95.31kPa coils
R,T, (0.287 kPa-m?3/kg- K)(308 K) 35°C
v = =
P, 95.31kPa @ 30% — — @
6 m*/min 97 kPa AIR

=0.927 m®/kg dry air
_0.622PR, 0.622(1.69 kPa)
P-PR; (97-1.69)kPa
hy =c, Ty + @hy; = (1.005 kJ/kg°C)(35°C) + (0.0110)(2564.6 ki/kg) = 63.44 ki/kg dry air

=0.0110 kg H,0O/kg dry air (= ,)

The air at the final state is saturated and the vapor pressure during this process remains constant. Therefore, the exit
temperature of the air must be the dew-point temperature,

po = Tsat @P, = Tsat @1.69kPa = 14.8°C

(b) The enthalpy of the air at the exit is
hy = ¢, T, + wyhy, = (1.005 k/kg - °C)(14.8°C) + (0.0110)(2528.1kJ/kg) = 42.78 k/kg dry air

Also

y 3

m
v, 0.927m3/kgdryair

Then the rate of heat transfer from the air in the cooling section becomes

O, =M, (hy —h,) = (6.47 kg/min)(63.44 — 42.78)kJ/kg = 134 kJ/min
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14-92

14-137 The outdoor air is first heated and then humidified by hot steam in an air-conditioning system. The rate of heat
supply in the heating section and the mass flow rate of the steam required in the humidifying section are to be determined.

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire
process (i, =m,, =m,).2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are
negligible.
Properties The amount of moisture in the air also remains constants it flows through the heating section (v, = @,) , but
increases in the humidifying section (@3 > @,) . The inlet and the exit states of the air are completely specified, and the
total pressure is 1 atm. The properties of the air at various states are determined from the psychrometric chart (Fig. A-31)
to be

h, =17.7 ki/kg dry air

@, = 0.0030 kg H,0/kg dry air (= »,) y Heating 4

coils
v, = 0.807 m3/kg dry air

h, =29.8 kJ/ kg dry air 10°C \QQ_QQ_QQQQ, Latm| < 25°C
=_

i 40% —> —>
w, = o, =00030 kg H,O/ kg dry air AIR ° ~ 9
2 1 gH, gdry 29 m¥min 22°C _ 55%
Us

hy =52.9 kJ / kg dry air
@3 =0.0109 kg H,0/ kg dry air @ @ @

Analysis (a) The mass flow rate of dry air is

m, = % = —0.2820:]:11/37::9 = 27.3kg/min
Then the rate of heat transfer to the air in the heating section becomes
Q;, =M, (h, —hy) = (27.3 kg / min)(29.8—17.7)kd / kg = 330.3 kJ / min
(b) The conservation of mass equation for water in the humidifying section can be expressed as
Mapy + My, = Mygwy  OF My, =M, (03 - 03)
Thus,
m,, = (27.3 kg / min)(0.0109 —0.0030) = 0.216 kg / min
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14-93

14-138 Air is cooled and dehumidified in an air-conditioning system with refrigerant-134a as the working fluid. The rate of
dehumidification, the rate of heat transfer, and the mass flow rate of the refrigerant are to be determined.

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire
process (i, =m,, =m,).2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are

negligible.

Analysis (a) The saturation pressure of water at 30°C is 4.2469 kPa. Then the dew point temperature of the incoming air
stream at 30°C becomes

po =Tea @Pr, ~ Toat @0.7x4.2469kPa — 24°C

Since air is cooled to 20°C, which is below its dew point temperature, some of the moisture in the air will condense.

The mass flow rate of dry air remains constant during the entire process, but the amount of moisture in the air
decreases due to dehumidification (w, < @;) . The inlet and the exit states of the air are completely specified, and the total
pressure is 1 atm. Then the properties of the air at both states are determined from the psychrometric chart (Fig. A-31) to
be

h, = 78.3kJ/kg dry air

@, =0.0188 kg H,0O/kg dry air @ @
v, = 0.885m®/kg dry air R-134a T?OO kPa T 700 kPa
X3 = 20% sat. vapor
and
h, =575 kJ/kg dry air 30°C AIR
w, =0.0147 kg H,0/kg dry air L 0% — — )
4 m*/min 1 atm 20°C

Also,  h, =hgo0-c =83.915kI/kg (Table A-4)

. .
:i— 4m”/min = 4.52 kg/min

Then, my = 3 -
v;  0.885m°/kgdryair

Applying the water mass balance and the energy balance equations to the combined cooling and dehumidification section
(excluding the refrigerant),

Water Mass Balance:
z"},’.,lw,i = zmw,e — mula)l = maZwZ + mw
m,, =m, (@, —®,) = (452 kg/min)(0.0188 —0.0147) = 0.0185 kg / min

(b) Energy Balance:

E AEsystem
Ein = Eout

E, —Egy - 70 (steady) _
Tiigh = Qo + XMy —— Quue = Myyhy — (Myhy + i, hy, ) = iy (hy —hy) — iy,
Quut = (4.52 kg/min)(78.3 — 57.5)kJ/kg — (0.0185 kg/min)(83.915 kJ/kg) = 92.5 kJ/min
(c) The inlet and exit enthalpies of the refrigerant are
hy =hg +X3hg =88.82+0.2x176.21=124.06 kJ/kg
hy = hy@700kpa = 265.03kI/kg
Noting that the heat lost by the air is gained by the refrigerant, the mass flow rate of the refrigerant becomes

Qp 92.5 kJ/min
h,—h;  (265.03—124.06) ki/kg

Qg =Mz (h, —hy) — mg = =0.66 kg/min
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14-94

14-139 Air is cooled and dehumidified in an air-conditioning system with refrigerant-134a as the working fluid. The rate of
dehumidification, the rate of heat transfer, and the mass flow rate of the refrigerant are to be determined.
Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire
process. 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are negligible.
Analysis (a) The dew point temperature of the incoming air stream at 30°C is

Pa = 4Py = #iPat @30ec = (0.7)(4.247 kPa) = 2.973 kPa

po = lsat@p, = Tsat@2.973 kPa = 24°C @ @

Since air is cooled to 20°C, which is below its dew point 700 kPa 700 kPa
. . L R-134a _

temperature, some of the moisture in the air will condense. X3 =20% sat. vapor

The amount of moisture in the air decreases due to
dehumidification (w, < ;). The inlet and the exit states of the 30°C AIR
air are completely specified, and the total pressure is 95 kPa. 700/3 _’ —>20°C
The properties of the air at both states are determined to be 4 m*/min 95 kPa

P, =P, —P, =95-2.97 = 92.03kPa

L. - Ralu _ (0287 kPa-m? /kg-K)(303K)
Y oPy 92.03kPa

_0.622P,;  0.622(2.97 kPa)
P -P; (95-297)kPa

hy = ¢, T, +@;hy; = (1005 ki/kg - °C)(30°C) + (0.0201)(2555.6 ki/kg) = 81.50 ki/kg dry air

=0.945m? / kg dry air

o =0.0201kg H,O/kg dry air

and
P2 =#,Py2 = (1.00) Pyt @ 20°c = 2.3392kPa

o, = 0.622P,, _ 0.622(2.3392kPa)
P,-P, (95-2.3392) kPa
h, =c,T, +w,hy, =(1.005kI/kg - °C)(20°C) +(0.0157)(2537.4 kJ/kg) = 59.94 kJ/kg dry air
Also,  h, =h¢go0c =83.915kl/kg  (Table A-4)

=0.0157 kg H,O/kg dry air

v 4am®/min

vi  0.945m*/kgdryair
Applying the water mass balance and the energy balance equations to the combined cooling and dehumidification section
(excluding the refrigerant),

Then, my = =4.23kg/min

Water Mass Balance: 2, =20, ——> Mg = ,0, i,
m,, =m, (@, —®,) = (4.23 kg/min)(0.0201-0.0157) = 0.0186 kg / min
(b) Energy Balance:
Ein — Eout = ABgem ° ©%Y =0
Ein = Eout
Emyhy = Qo + XN —— Qo =Ml —(Maphy +1y0,,) = My (hy —hy) —riy b,
Quut = (4.23kg/min)(81.50 — 59.94)kJ/kg — (0.0186 kg/min)(83.915 ki/kg) = 89.7 kd/min

(c) The inlet and exit enthalpies of the refrigerant are
hy =hg + X3hy, =88.82+0.2x176.21=124.06 kJ/kg

hy =hg@700kpa = 265.03kJ/kg
Noting that the heat lost by the air is gained by the refrigerant, the mass flow rate of the refrigerant is determined from
QR =Mg (hy —h3)
g = QR _ 89.7 kJ/min
h, —h; (265.03-124.06) kl/kg

=0.636 kg/min
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14-95

14-140 Air is heated and dehumidified in an air-conditioning system consisting of a heating section and an evaporative
cooler. The temperature and relative humidity of the air when it leaves the heating section, the rate of heat transfer in the
heating section, and the rate of water added to the air in the evaporative cooler are to be determined.

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire
process (r, =m,, =m,).2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are
negligible.

Analysis (a) Assuming the wet-bulb temperature of the air remains constant during the evaporative cooling process, the
properties of air at various states are determined from the psychrometric chart (Fig. A-31 or EES) to be

h; = 29.8 kJ/kg dry air
T —15°c _ Water
5 s [ ~0.00BBLKY/ H,OKg dry i } Heating
1 v; =0.824m° / kg coils |
T, =32.5°C <
. 2 :Tl }(,52 =19.2% 55% — <— 250C
wh2 T IwWhS J ) = h, = 47.8kJ/ kg dry air 30 m*/min AR T2 <~ o
=<

T, =25°C } hy = 47.8 kJ/kg dry air @ @ @
T

4 = 45% @5 =0.00888 kg/ H,O/kg dry air
3 b3 =17.1°C

(b) The mass flow rate of dry air is

_ ¥ 30m*/min

= 3 — =36.4 kg/min
v, 0.824m?/kgdryair

a

Then the rate of heat transfer to air in the heating section becomes

Qi = m, (hy, —hy) =(36.4 kg/min)(47.8 — 29.8)kJ/kg = 655 kd/min
(c) The rate of water added to the air in evaporative cooler is

My added = Mz — Myz = M, (03 — ;) = (36.4 kg/min)(0.00888 — 0.00581) = 0.112 kg/min
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13
14-141 E Problem 14-140 is reconsidered. The effect of total pressure in the range 94 to 100 kPa on the results
required in the problem is to be studied.

Analysis The problem is solved using EES, and the solution is given below.

P=101.325 [kPa]
Tdb[1] =15 [C]
Rh[1] = 0.55

Vol_dot[1]= 30 [m"3/min]

Tdb[3] = 25 [C]
Rh[3] = 0.45
P[1]=P
P[2]=P[1]
P[3]=P[1]

"Energy balance for the steady-flow heating process 1 to 2:"
"We neglect the PE of the flow. Since we don't know the cross sectional area of the flow streams, we also

neglect theKE of the flow."
E_dot_in - E_dot_out = DELTAE_dot_sys
DELTAE_dot_sys = 0 [kJ/min]

E_dot_in = m_dot_a*h[1]+Q_dot_in

E_dot_out = m_dot_a*h[2]
"Conservation of mass of dry air during mixing: m_dot_a = constant”
m_dot_a = Vol_dot[1]/v[1]
"Conservation of mass of water vapor during the heating process:"
m_dot_a*w[1] = m_dot_a*w[2]

"Conservation of mass of water vapor during the evaporative cooler process:"

m_dot_a*w[2]+m_dot_w = m_dot_a*w[3]

"During the evaporative cooler process:"

Twb[2] = Twb[3]

Twb[3] =WETBULB(AirH20,T=Tdb[3],P=P[3],R=Rh[3])
h[1]=ENTHALPY (AirH20,T=Tdb[1],P=P[1],R=Rh[1])

v[1]=VOLUME(AirH20, T=Tdb[1],P=P[1],R=Rh[1])
w[1]=HUMRAT(AirH20,T=Tdb[1],P=P[1],R=Rh[1])

{h[2]=ENTHALPY (AirH20,T=Tdb[2],P=P[2],B=Twb[2])}

h[2]=h(3]

Tdb[2]=TEMPERATURE(AirH20,h=h[2],P=P[2],w=w[2])

w[2]=HUMRAT(AirH20,T=Tdb[2],P=P[2],R=Rh[2])

h[3]=ENTHALPY (AirH20, T=Tdb[3],P=P[3],R=Rh[3])

w[3]=HUMRAT(AirH20, T=Tdb[3],P=P[3],R=Rh[3])

P my, Qin ha Tdb2
[kPa] [kg/min] [kJ/min] [C]

94 0.1118 628.6 0.1833 33.29
95 0.1118 632.2 0.1843 33.2
96 0.1118 635.8 0.1852 33.11
97 0.1118 639.4 0.186 33.03
98 0.1118 643 0.1869 32.94
99 0.1117 646.6 0.1878 32.86
100 0.1117 650.3 0.1886 32.78

14-96
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14-98

14-142 Air is heated and dehumidified in an air-conditioning system consisting of a heating section and an evaporative
cooler. The temperature and relative humidity of the air when it leaves the heating section, the rate of heat transfer in the
heating section, and the rate at which water is added to the air in the evaporative cooler are to be determined.

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire
process (i, =m,, =m,).2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are

negligible.
Analysis (a) Assuming the wet-bulb temperature of the air remains constant during the evaporative cooling process, the

properties of air at various states are determined to be l Water
Pu = #1Pg1 = ¢ Pt @1soc = (0.55)(1.7057 kPa) = 0.938 kPa Y Heating 4 M
P, =P, — P, =96—0.938 =95.06 kPa coils
="
,. - Rali _ (0287kPa. m® / kg - K)(288K) 15°C &MMQ, 96 kPa — 250C
1= 55% — > -
P 95.06 kPa AIR g 45%
o 30 m*/min T = ’

=0.8695m? / kg dry air D @ ®

_0622P; _ 0622(0.8695kP8) _ ) ot a H,,Olkg dry air
P—P, (96-0.8695)kPa

hy = ¢, Ty +@yhg, = (1005 ki/kg - °C)(15°C) + (0.006138)(2528.3 ki/kg) = 30.59 ki/kg dry air

2]

and
Piz =#3Py3 = #5Psat @ 25oc = (0.45)(3.17 kPa) =1.426 kPa
P,; = P; — P =96 —1.426 = 94.57 kPa
Wy = 0#52_2;23 = ((’9%23(11:22;':(2 =0.009381kg H,0/kg dry air
hy =T + w3hgs = (1.005kJ/kg - °C)(25°C) + (0.009381)(2546.5 k/kg)
=49.01kJ/kg dry air
Also,
h, = h; =49.01kJ/kg
w, = w, =0.006138 kg H,0O/kg dry air
Thus,

Solving for T,,
T, =33.1°C ——> P, = Pygasrc =5.072kPa

©,P, ~ (0.006138)(96)

= = =0.1850r 18.5%
(0.622 + ,)P,, (0.622 +0.006138)(5.072)

Thus, ¢,

(b) The mass flow rate of dry air is
~ ¥ 30m*/min

m 3 -
v, 0.8695m*° /Kkg dry air

=34.5kg/min

a

Then the rate of heat transfer to air in the heating section becomes
Qin =M, (hy —hy) = (34.5kg/min)(49.01— 30.59)kJ/kg = 636 kJ/min
(c) The rate of water addition to the air in evaporative cooler is
My, added = Mg — Muz =M, (@3 — @, ) = (34.5 kg/min)(0.009381 - 0.006138) = 0.112 kg/min
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14-99

14-143 Air is cooled, dehumidified and heated at constant pressure. The system hardware and the psychrometric diagram
are to be sketched and the heat transfer is to be determined.

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire
process (m, =m,, =m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are
negligible.

Analysis (a) The schematic of the cooling and dehumidifaction process and the the process on the psychrometric chart are
given below. The psychrometric chart is obtained from the Property Plot feature of EES.

{ I\
Cooling coils
T,=30°C
O T
Tupz=12°C ) f b latm ~— $:760%
b, b, ¥=Condensate

@ T )

20°C Condensate

removal

AirH20
0050 — 04— +—

Pressure = 101.3 [kPa]

0.045
0.040
0.035
0.030
0.025
0.020
0.015

Humidity Ratio

0.010

0.005

0.000

T [°C]

(b) The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The properties of the air
at the inlet and exit states are determined from the psychrometric chart (Figure A-31 or EES) to be

h, =71.2 kJ/kg dry air
@, =0.0160 kg H,O/kg dry air
v, =0.881m°%/kg dry air

and
¢, =0.376
h, =33.9 kd/kg dry air
@, =0.00544 kg H,0/kg dry air
v, =0.838 m?3/kg dry air
Also,

h, =h¢ gooec =83.9kJ/kg (Table A-4)
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14-100
The mass flow rate of air in the room to be replaced is

_V, _(700/60m°fs)

3 =13.93kg/s
v,  0.838m°/kg

a

The mass flow rate of outside air is
Mout = Moyt @+ @) = (13.93kg/s)(1 + 0.0160) =14.15 kg/s =50,940 kg/h

(c) Applying the water mass balance and energy balance equations to the combined cooling and dehumidification section,

Water Mass Balance:

XMy =X My, ——>Myo; =My, +M,,

M, =M, (@, - o,)
Substituting,

m,, =M, (o, — ,) = (13.93kg/s)(0.0160 — 0.00544) = 0.147 kg/s = 8.83 kg/min
(d) Energy Balance:

E'in - E'out = AE’system&O(Steady) =0
E.in = E.out
Zrhihi =Qout + Zrhehe
Qout = rhalhl - (ma2h2 + rhth)
=m, (hl - hz) - r‘hwhw
Noting that the cooling water absorbs this heat, the mass flow rate of cooling water is determined from
m, (hy —hy) —myh, =mg,c prTcw
_ ma (hl — h2) — rhwhw
o ConAT
_ (13.93kg/s)(71.2 - 33.9) kd/kg — (0.147 kg/s)(83.9 kJ/kg)
= (4.18 kJ/kg - °C)(15°C)

cw

=8.08kg/s
=485 kg/min
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14-144 Air is cooled, dehumidified and heated at constant pressure. The system hardware and the psychrometric diagram
are to be sketched and the heat transfer is to be determined.

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire
process (m, =m,, =m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are

negligible.

Analysis (a) The schematic of the cooling and dehumidifaction process and the the process on the psychrometric chart are
given below. The psychrometric chart is obtained from the Property Plot feature of EES.

Heating coils 1 ) _
Cooling coils
p : G -— ¢,=60%

$>=50% |
@ - ©)

Condensate
removal

4°C

0.050 —————AIrH20

Pressure = 101.3 [kPa]

0.045
0.040
0.035
0.030
0.025
0.020
0.015

Humidity Ratio

0.010

0.005

0.000

(b) The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The properties of the air
at the inlet and exit states are determined from the psychrometric chart (Figure A-31 or EES) to be

Tgp =21.4°C
h, =71.2kJ/kg dry air
@, =0.0160 kg H,O/kg dry air
v, =0.881m°%/kg dry air
and
T, =14.3°C
¢, =0.50
h, =27.1kJ/kg dry air
@, =0.00504 kg H,O/kg dry air
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14-102
Also,

hy =h¢ gsc =16.8kI/kg (Table A-4)
The volume flow rate at the inlet is
V, = v, = (100/60 kg/s)(0.881m*/kg) =1.47 m3/s

(c) Applying the water mass balance and energy balance equations to the combined cooling and dehumidification section,

Water Mass Balance:
hX rhW,i =2 r'hw,e > mala)l = mazwz + rﬁw
m,, =M, (o, — ;)

Energy Balance:

E.in —Eout = AE‘system&O(Steady) =0
E,=E
T mih; = Qque + X Mehg
Qout = Mgy — (Mg, + iy hy,)
=y (hy —hy) —myh,,
=M, (hy —hy) —m, (@, — @)y,

out

Substituting,

Qout =My [(hy —hy) = (&, - @,)h,,]
= (100/60 kg/s)(71.2 — 27.1) ki/kg — (0.0160 — 0.00504)(16.8 ki/kg)
=73.2kW
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14-145 Waste heat from the cooling water is rejected to air in a natural-draft cooling tower. The mass flow rate of the
cooling water, the volume flow rate of air, and the mass flow rate of the required makeup water are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential
energy changes are negligible. 4 The cooling tower is adiabatic.
Analysis (a) The mass flow rate of dry air through the tower remains constant (m,; = m,, =m,), but the mass flow rate of

liquid water decreases by an amount equal to the amount of water that vaporizes in the tower during the cooling process.
The water lost through evaporation is made up later in the cycle using water at 30°C. Applying the mass balance and the
energy balance equations yields

Dry Air Mass Balance:
AIR 32°C

zma,i = zma,e — My =My, =m, EXIT saturated
Water Mass Balance:

me,i :me,e
Mz —My =My (0)2 _a)l) = Mpmakeup

Energy Balance:

- - - 20 (stead - - 42° NN N N
Ein — Eout = ABqygem %Y = 0—— By = Egy © WARM___42°C \AAAAA .
nh =1 inceO =W = WATER @
xmh =>mh,  (sinceQ=W =0)
f / AIR
oM~ 30°C INLET
0 =m,,h, + My, — My h, —msh (@ <00t e
0=mj(h, —hy) + (M3 — r’hmakeup)h4 —mghg WATER Twp = 16°C

Solving for m, ,

" ity (1 ~ )
=
(h, =h) = (@, —@)hy

From the psychrometric chart (Fig. A-31 or EES),
h, = 44.67 kd/kg dry air
@, =0.008462 kg H,0O/kg dry air
v, =0.8504 m®/kg dry air
and
h, =110.69 kJ/kg dry air
®, =0.03065 kg H,O/kg dry air
From Table A-4,
hs = Ny @az-c =175.90 ki/kg H,0
hy = h @aeec =125.74 kilkg H,0
Substituting

. M, (175.90 — 125.74)kd/kg
2 (110.69 — 44.67) ki/kg — (0.03065 — 0.008462)(125.74) ki/kg

=0.7933m,

The mass flow rate of the cooling water is determined by applying the steady flow energy balance equation on the cooling
water,
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14-104
Qwaste = mgh; — (Mg _mmakeup)h4 =Mzhg —[Mz —M, (0, — ;)]
=mzh; —mM;[1-0.7933(0.03065 — 0.008462)]h,
70,000 kJ/s = m(175.90 — 0.9824 x125.74) kd/lkg —— m4 = 1337 kg/s

and
m, =0.7933rM, = (0.7933)(1337 kg/s) =1061 kg/s

(b) Then the volume flow rate of air into the cooling tower becomes
V, =, = (1061kg/s)(0.8504 m* / kg) =902 m®/s

(c) The mass flow rate of the required makeup water is determined from
Mmakeup = Ma (@, — @) = (L061kg/s)(0.03065 — 0.008462) = 23.5 kg/s
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13
14-146 E Problem 14-145 is reconsidered. The effect of air inlet wet-bulb temperature on the required air volume flow
rate and the makeup water flow rate is to be investigated.

Analysis The problem is solved using EES, and the solution is given below.

"Input Data"

P_atm =101.325 [kPa]

T_db_1=23[C]

T_wb_1=16[C]

T_db_2=32[C]

RH_2 = 100/100 "%. relative humidity at state 2, saturated condition"
Q_dot_waste = 70 [MW]*Convert(MW, kW)

T_cw_3 =42 [C] "Cooling water temperature at state 3"

T_cw_4 = 30 [C] "Cooling water temperature at state 4"

"Dry air mass flow rates:"
"RH_1 is the relative humidity at state 1 on a decimal basis"

v_1=VOLUME(AirH20,T=T_db_1,P=P_atm,R=RH_1)
T_wb_1=WETBULB(AirH20,T=T_db_1,P=P_atm,R=RH_1)
m_dot_a_1=Vol _dot_1/v_1

"Conservaton of mass for the dry air (ma) in the SSSF mixing device:"
m_dot_a_in - m_dot_a_out = DELTAm_dot_a_cv
m_dot_a_in=m_dot_a_1

m_dot_a_out= m_dot_a_2

DELTAm_dot_a_cv = 0 "Steady flow requirement"

"Conservation of mass for the water vapor (mv) and cooling water for the SSSF process:"
m_dot_w_in - m_dot_w_out = DELTAm_dot_w_cv

m_dot w_in=m_dot v.1+m_dot cw 3

m_dot_ w_out= m_dot_v_2+m_dot_cw_4

DELTAm_dot_w_cv = 0 "Steady flow requirement"
w_1=HUMRAT(AirH20,T=T_db_1,P=P_atm,R=RH_1)

m_dot v.1=m_dot_a_1*w_1

w_2=HUMRAT(AirH20,T=T_db_2,P=P_atm,R=RH_2)

m_dot_ v_2=m_dot_a_2*w_2

"Conservation of energy for the SSSF cooling tower process:"

"The process is adiabatic and has no work done, ngelect ke and pe"
E_dot_in_tower - E_dot_out_tower = DELTAE_dot_tower_cv
E_dot_in_tower=m_dot_a_1 *h[1] + m_dot_cw_3*h_w][3]
E_dot_out_tower = m_dot_a_2*h[2] + m_dot_cw_4*h_w[4]
DELTAE_dot_tower_cv = 0 "Steady flow requirement"
h[1]=ENTHALPY(AirH20,T=T_db_1,P=P_atm,w=w_1)
h[2]=ENTHALPY(AirH20,T=T_db_2,P=P_atm,w=w_2)
h_w[3]=ENTHALPY (steam,T=T_cw_3,x=0)

h_w[4]=ENTHALPY (steam,T=T_cw_4,x=0)

"Energy balance on the external heater determines the cooling water flow rate:"
E_dot_in_heater - E_dot_out_heater = DELTAE_dot_heater_cv
E_dot_in_heater = Q_dot_waste + m_dot_cw_4*h_wl[4]

E_dot_out_heater = m_dot_cw_3 * h_w[3]

DELTAE_dot_heater_cv = 0 "Steady flow requirement"

"Conservation of mass on the external heater gives the makeup water flow rate."
"Note: The makeup water flow rate equals the amount of water vaporized in the cooling tower."
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m_dot_cw_in - m_dot_cw_out = DELTAmM_dot_cw_cv

m_dot_cw_in = m_dot_cw_4 + m_dot_makeup
m_dot_cw_out= m_dot_cw_3

DELTAm_dot_cw_cv = 0 "Steady flow requirement"

wa1 V8|1 mmakeup Mew3 Ma1
[C] [m/s] [kgw/s] [kgw/s] [kga/s]
14 828.2 23.84 1336 977.4
15 862.7 23.69 1336 1016
16 901.7 23.53 1337 1060
17 946 23.34 1337 1110
18 996.7 23.12 1338 1168
19 1055 22.87 1338 1234
20 1124 22.58 1339 1312
21 1206 22.23 1340 1404
22 1304 21.82 1341 1515
23 1424 21.3 1342 1651
1500 : — — 24
1400 23.5
1300 _
—_ | 23 %
£ 2
™ 1200 o
E L 225 =
_— 1100 =
'S - 2
1000 g
L €
900 21.5
800 21
14 23

wa,l [C]

14-106
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14-147 An uninsulated tank contains moist air at a specified state. Water is sprayed into the tank until the relative humidity
in the tank reaches a certain value. The amount of water supplied to the tank, the final pressure in the tank, and the heat
transfer during the process are to be determined.

Assumptions 1 Dry air and water vapor are ideal gases. 2 The kinetic and potential energy changes are negligible.

Analysis The initial state of the moist air is completely specified. The properties of the air at the inlet state may be
determined from the psychrometric chart (Figure A-31) or using EES psychrometric functions to be (we used EES)

h, =49.16 kJ/kg dry air, @, =0.005433 kg H,O/kg dry air
v, =0.6863m? / kg dry air
The initial mass in the tank is
3
m, =2 - 05M 4 7585kg
v;  0.6863m
The partial pressure of dry air in the tank is
P maRaT, _ (0.7285kg)(0.287 ki/kg.K)(35 + 273 K)
7 (0.5m?)

Then, the pressure of moist air in the tank is determined from

@3 @3
P, = P,,| 1+——2— | = (128.8 kPa)| 1+
2 az( 0.622] ( )( 0.622j

=128.8kPa

We cannot fix the final state explicitly by a hand-solution. However, using EES which has built-in functions for moist air
properties, the final state properties are determined to be

P, =133.87 kPa @, =0.02446 kg H,0/kg dry air
h, = 97.97 kl/kg dry air v, =0.6867 m®/kg dry air
The partial pressures at the initial and final states are
Pi = ¢1Psar@ssec = 0.20(5.6291kPa) =1.126 kPa
P, =P;—P,, =130-1.126 =128.87 kPa
P,, =P,-P,, =133.87-128.81=5.07 kPa
The specific volume of water at 35°C is
Vit =V = Vy@asc = 25.205m%/kg
The internal energies per unit mass of dry air in the tank are
u; =hy = Pyv; —w; Pyvy, = 49.16 —128.87 x 0.6863 — 0.005433 x1.126 x 25.205 = —39.44 kl/kg
Uy =hy = Ppvy =W, Pyuy,, =97.97 —128.81x 0.6867 — 0.02446 x 5.07 x 25.205 = 6.396 kJ/kg

The enthalpy of water entering the tank from the supply line is
hV\ﬂ. = hf @500(: = 20934 k\]/kg

The internal energy of water vapor at the final state is
UW2 = Ug @350(: = 24227 kJ/kg

The amount of water supplied to the tank is
m,, =M, (w, —w;) = (0.7285 kg)(0.02446 - 0.005433) = 0.01386 kg

An energy balance on the system gives
Ein = AE @k
Qin +Myhyy =My (Uz —Uy) +MyUy,
Qj, +(0.01386 kg)(209.34 kJ/kg) = (0.7285 kg)[6.396 - (-39.44)kJ/kg]+ (0.01386 kg)(2422.7 kJ/kg)

Q;, =64.1kJ
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14-108

Fundamentals of Engineering (FE) Exam Problems

14-148 A room is filled with saturated moist air at 25°C and a total pressure of 100 kPa. If the mass of dry air in the room is
100 kg, the mass of water vapor is

(a) 0.52 kg (b) 1.97 kg (c) 2.96 kg (d) 2.04 kg (e) 3.17 kg
Answer (d) 2.04 kg

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values).

T1=25"C"

P=100 "kPa"

m_air=100 "kg"

RH=1
P_g=PRESSURE(Steam_IAPWS, T=T1,x=0)
RH=P_v/P_g

P_air=P-P_v

w=0.622*P_v/(P-P_v)

w=m_v/m_air

"Some Wrong Solutions with Common Mistakes:"

W1 vmass=m_air*wl; wl1=0.622*P_v/P "Using P instead of P-Pv in w relation"
W2_vmass=m_air "Taking m_vapor = m_air"

W3_vmass=P_v/P*m_air "Using wrong relation"

14-149 A room contains 65 kg of dry air and 0.6 kg of water vapor at 25°C and 90 kPa total pressure. The relative humidity
of air in the room is

(@) 3.5% (b) 41.5% (c) 55.2% (d) 60.9% (e) 73.0%
Answer (b) 41.5%

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values).

T1=25"C"

P=90 "kPa"

m_air=65 "kg"

m_v=0.6 "kg"

w=0.622*P_v/(P-P_v)

w=m_v/m_air
P_g=PRESSURE(Steam_IAPWS,T=T1,x=0)
RH=P_v/P_g

"Some Wrong Solutions with Common Mistakes:"
W1 _RH=m_v/(m_air+m_v) "Using wrong relation”
W2_RH=P_g/P "Using wrong relation"
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14-150 A 40-m® room contains air at 30°C and a total pressure of 90 kPa with a relative humidity of 75 percent. The mass
of dry air in the room is

(a) 24.7 kg (b) 29.9 kg (c) 39.9 kg (d) 41.4 kg (e) 52.3 kg
Answer (c) 39.9 kg

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values).

V=40 "m"3"

T1=30"C"

P=90 "kPa"

RH=0.75
P_g=PRESSURE(Steam_IAPWS, T=T1,x=0)
RH=P_v/P_g

P_air=P-P_v

R_air=0.287 "kJ/kg.K"
m_air=P_air*V/(R_air*(T1+273))

"Some Wrong Solutions with Common Mistakes:"
W1_mass=P_air*V/(R_air*T1) "Using C instead of K"
W2_mass=P*V/(R_air*(T1+273)) "Using P instead of P_air"
W3_mass=m_air*RH "Using wrong relation"

14-151 A room contains air at 30°C and a total pressure of 96.0 kPa with a relative humidity of 75 percent. The partial
pressure of dry air is

(a) 82.0 kPa (b) 85.8 kPa (c) 92.8 kPa (d) 90.6 kPa (e) 72.0 kPa
Answer (c) 92.8 kPa

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values).

T1=30"C"

P=96 "kPa"

RH=0.75
P_g=PRESSURE(Steam_IAPWS, T=T1,x=0)
RH=P_v/P_g

P_air=P-P_v

"Some Wrong Solutions with Common Mistakes:"
W1_Pair=P_v "Using Pv as P_air"
W2_Pair=P-P_g "Using wrong relation"
W3_Pair=RH*P "Using wrong relation"
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14-152 The air in a house is at 25°C and 65 percent relative humidity. Now the air is cooled at constant pressure. The
temperature at which the moisture in the air will start condensing is

(@) 7.4°C (b) 16.3°C (c) 18.0°C (d) 11.3°C (e) 20.2°C
Answer (c) 18.0°C

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values).

T1=25"C"

RH1=0.65
P_g=PRESSURE(Steam_IAPWS,T=T1,x=0)
RH1=P_v/P_g
T_dp=TEMPERATURE(Steam_IAPWS x=0,P=P_v)

"Some Wrong Solutions with Common Mistakes:"

W1_Tdp=T1*RH1 "Using wrong relation"

W2_Tdp=(T1+273)*RH1-273 "Using wrong relation"
W3_Tdp=WETBULB(AiIrH20,T=T1,P=P1,R=RH1); P1=100 "Using wet-bulb temperature"

14-153 On the psychrometric chart, a cooling and dehumidification process appears as a line that is

(a) horizontal to the left,

(b) vertical downward,

(c) diagonal upwards to the right (NE direction)
(d) diagonal upwards to the left (NW direction)
(e) diagonal downwards to the left (SW direction)

Answer (e) diagonal downwards to the left (SW direction)

14-154 On the psychrometric chart, a heating and humidification process appears as a line that is

(a) horizontal to the right,

(b) vertical upward,

(c) diagonal upwards to the right (NE direction)
(d) diagonal upwards to the left (NW direction)
(e) diagonal downwards to the right (SE direction)

Answer (c) diagonal upwards to the right (NE direction)
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14-155 An air stream at a specified temperature and relative humidity undergoes evaporative cooling by spraying water into
it at about the same temperature. The lowest temperature the air stream can be cooled to is

(a) the dry bulb temperature at the given state

(b) the wet bulb temperature at the given state

(c) the dew point temperature at the given state

(d) the saturation temperature corresponding to the humidity ratio at the given state
(e) the triple point temperature of water

Answer (a) the dry bulb temperature at the given state

14-156 Air is cooled and dehumidified as it flows over the coils of a refrigeration system at 85 kPa from 35°C and a
humidity ratio of 0.023 kg/kg dry air to 15°C and a humidity ratio of 0.015 kg/kg dry air. If the mass flow rate of dry air is
0.4 kg/s, the rate of heat removal from the air is

(@) 4 kl/s (b) 8 kd/s (c) 12 kJIs (d) 16 kd/s (e) 20 kJ/s
Answer (d) 16 kJ/s

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values).

P=85 "kPa"

T1=35"C"

w1=0.023

T2=15"C"

w2=0.015

m_air=0.4 "kg/s"

m_water=m_air*(wl-w2)
h1=ENTHALPY(AirH20,T=T1,P=P,w=w1)
h2=ENTHALPY (AirH20,T=T2,P=P,w=w2)
h_w=ENTHALPY (Steam_IAPWS, T=T2,x=0)
Q=m_air*(h1-h2)-m_water*h_w

"Some Wrong Solutions with Common Mistakes:"

W1_Q=m_air*(h1-h2) "Ignoring condensed water"
W2_Q=m_air*Cp_air*(T1-T2)-m_waterh_w; Cp_air = 1.005 "Using dry air enthalpies"
W3_Q=m_air*(h1-h2)+m_water*h_w "Using wrong sign"
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14-157 Air at a total pressure of 90 kPa, 15°C, and 75 percent relative humidity is heated and humidified to 25°C and 75
percent relative humidity by introducing water vapor. If the mass flow rate of dry air is 4 kg/s, the rate at which steam is
added to the air is

(a) 0.032 kg/s (b) 0.013 kg/s (c) 0.019 kg/s (d) 0.0079 kg/s (e) 0 kg/s
Answer (a) 0.032 kg/s

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values).

P=90 "kPa"

T1=15"C"

RH1=0.75

T2=25"C"

RH2=0.75

m_air=4 "kg/s"
w1l=HUMRAT(AiIrH20,T=T1,P=P,R=RH1)
w2=HUMRAT(AirH20,T=T2,P=P,R=RH2)
m_water=m_air*(w2-wl)

"Some Wrong Solutions with Common Mistakes:"
W1 _mv=0 "sine RH = constant"

W2_mv=w2-w1 "Ignoring mass flow rate of air"
W3_mv=RH1*m_air "Using wrong relation"
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