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pEFINIT|0NS tact betwee

: a n iqui
- gification involves (;:fo;e liquid (A) ?:é)rli? hqmd_ (A) and a gas phase consisting of an insoluble
o™ nd the vapour> : N Special terms apnq definitions are used in the study of
-air (B) interactions,

idity : e .
Hum i dity is used to indicate the concentration of ¢

¢ amount of vapour present per unit quantity
efine idity refers to the amount of water vapour presen

he vapour in a gas-vapour mixture and is
of vapour-free gas. For air-water vapour
t per unit quantity of dry air. Humidity can
umidity is defined as the moles of vapour

ent per mole of vapour-free gas. Let there be 1, moles of Vapour and n, moles of dry gas in a given
fes

p e of the gas-vapour system. Then,
np moles of vapour 7,
moles of dry gas - E I {904

\cuming that the gas phase behaves as an ideal gas, the following equations can be used to
dI‘ mLﬁne the number of moles of the constituents.
glermine

Molal humidity, Y =

psV
n,=-—2—
AT RT
174
g = ..(63
B RT (6.3)
where Vis the volume of the mixture and T is the temperature. Combining Egs. (6.2) and (6.3), we get
o - —
Molal humidity, ¥ = —4 = PA ___Pa i

ng pg P-p,
Equation (6.4) means that the molal humidity is equal to the ratio of the partial pressure of the vapour
o the partial pressure of vapour-free gas. . '

If the gas were saturated with the vapours, the molal humidity is the molal humzdzty. at saturation
| denoted as Y. Tt is equal to the moles of vapour per mole of dry gas under saturation. Smcet,i at
suration, the partial pressure of the vapour is equal to the vapour pressure, the molal saturation
humidity can be written as

...(6.5)

8
Y= A
s~ S
¥tete P s the v, f the liquid A .
A apour pressure of the liquid A. L free gas. For
¢ absolute humidity is defined as the mass of vapour present per unit mass -ot 1\;‘211,)10[-1; g - bare e
“ 4Waler vapour system it is the kilograms of water present per kg of dry aur. 1t m, and mg

YEBAS of the vapour and vapour-free gas, then
"y ...(6.6)
Absolute humidity, ¥’ = .
B Qe .
The bsolute humidity is related to the molal humidity as:
M
Y,=ﬂ=ﬂxﬂ=YX—MA +{(6:T)
ey my ng Mg B

vely. Combining with Eq. (6.4), the

_ . -espectl
&bsolute 4and My are the molecular weights of A and B, resp f A and B in the gas phase.

Umidity can be expressed in terms of the partial pressures © |
ﬁA x MA e (68)

) B e

P —pg MB
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Noting that for air, the average molecular weight is approximately 29 and the molecy]y, cig .
is 18, the absolute humidity of the air-water vapour system can be related to the partig pre%x: Ty B
5, 18 R
Y/ = Pa 3 — &
== [—) A 29 o ",
The absolute saturation humidity (Yg) denotes the kilograms (?f water vapour that ope kg dry . ¢/ I
hold at saturated conditions. Analogous to Eq. (6.5), we can write ey, §
,_ P Ma
YS = N X M :
P—-P; B "-(6.1()') 1

At the boiling point of the liquid, the vapour pressure becomes equal to the total preggyye S0 th
denominator in Eq. (6.10) reduces to zero. It means that as the boiling point of the liquid is appro 4
the saturation humidity tends to infinity. We can see from Egs. (6.5) and (6.10) that at a given tempe:Ch
the molal humidity at saturation is independent of the nature of the gas and depends only upgy g
pressure, whereas the absolute saturation humidity depends upon the characteristics of the gas &slg; |

Example 6.2: A mixture of acetone vapour and nitrogen gas at 101.3 kPa and 300 K contajns el §
vapour to the extent that it exerts a partial pressure of 20 kPa. The vapour pressure of acetone i gi?el:
by the Antoine equation
2795.817
T —43.198
where the pressure is in kPa and temperature is in K. Determine the following:
(a) The molal humidity
(b) The absolute humidity
(c) The molal saturation humidity
(d) Absolute saturation humidity

Solution: (a) Molal humidity is the ratio of moles of acetone to moles of dry nitrogen. It is givenby

Eq. (6.4).

In P’ =14.39155 -

D A 20 — 0.2460 moles z?cetone
P-p, 101.3-20 mole nitrogen i
(b) Absolute humidity is the ratio of kilograms of acetone to kg of nitrogen. It is obtained by §
multiplying the molal humidity by the ratio of the molecular weights of acetone and nitrogen.

Y’ = 0.2460 % % — 0,509 & acetone.

Y=

(Answer) .

(Answer)
kg nitrogen

(c) Vapour pressure of acetone at 300 K, from Antoine equation

In P* =14.39155 -
300 -43.198

P* =33.265kPa

pS 33.265 moles of acetone Answel! 1
: idity, Ys= = = 0.4889 : (
Saturation humidity, s =" 5 = 013733 765 mole of nitrogen

nswef) :
(d) Absolute saturation humidity Y = 0.4889 x o8 -1.0128 kg acetone (A 5

kg nitrogen

Relative Humidity and Percent Humidity il ,
the perce™ ]

The degree of unsaturation of a gas-vapour mixture can be expressed either as e
t reld

saturation or as the percent saturation. The percent relative saturation or the percen
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npcrﬂmfe- cxpressed as percentage. Thus Apour to its vapour pressure at th
: ssure at the same

ve saturation (relative humidity) = Pa
y) ps X100%
ont saturation or the perc W (611
r_f the existing conditiofﬁs toet’}?]r humidity is the ratio of the moles
odry 0 centage. Itis th e moles of vapour per mole f((j) es of vapour present per mole
pressed 28 percct:u egto.the ;( efs‘]ame as the ratio of the kg of va (()’ ry gas if the gas were saturated.
i It ]. - . . ¢ 3
(he given temperad _ g of the vapour associated with o kp ur present per kg of the dry gas at
qme temperature. e kg dry gas under saturated conditions
(n A / np)

gt the §
percent saturation (percent humidity) =
i Eq. (6 . (ny /’13 )SalUratiOn
o m'lmerator P .12.) D mo}a] humidity and the denominator is th -
sarlior ilhert?fore’ the percent humidity can be defined as the ratio of L is the WOIaI ‘humlchfy at
o e humidity in e SAUITAICA SRS, of the humidity of the mixture

' Rclﬂ[i

The pé

< 100% (6.12)

Percent saturation = L X 100% = Y_, % 100%
Suppose that the percent saturation is 60‘7YSI YS’ (01
0. It me ,

S e G080 b s o b et o e g
samurated with the vapours at the same temperature. In contrast, the relative sgaturza:i?)snl of gogas e
means thgt thet partial pressure of the vapour in the gas phase is sixty percent of the vapour -
The relationship between percent saturation and percent relative saturation can be derivedrl)ay cafr:le;i:;i
(=4

Egs. (64), (6.5) and (6.13).

p, P-P;
P.s=PA X" —"A x100% %
Equation (6.14) can be rewritten using Eq. (6.11) as
_pS
P.S=RSx— S
— ...(6.13)
P—p, (6.13)

relative saturation, respectively.

whe y :
e PS and R.S are the abbreviations for percent saturation and
percent saturation is less than

rSellna?vem: raﬁo.(P - P/f)/(P — [_)A)in Eq. (6.15).1s always less than 1,

o aturation. That is, P.S < R.S

\d’;l;lrp :s 3;3: A mixture‘ of acetone vapour and nitrogen gas

15 33.26 kp “ORient ﬂ}at it exerts a partial pressure of 20 kPa. Th

Soluiy a. Determine the relative saturation and the percent $
n: The relative saturation s the ratio of the partial pressure of acetone

“Apressed
ed as percentage, i.e.,

at 101.3 kPa and 300 K contains acetone
¢ vapour pressure of acetone at 300 K
aturation of the mixture.

0 the vapour pressure

R.S.=E%x10()=%><100=60'13% (Answer)
Tht arna PA o
Percent saturation is given by Eq- (6.13).
Here 2 20 . kmol acetone.
“r¢, the molal humidit y=PA =" 0.2460 — - ogen
Ys p-p, 0l 3-20 kmol nitrog
The $ 33.26 (o IUOL BCCLONE
10]; - pr Dt =(.4888 ;
ola] hUImdny at saturation, Y= 7;—‘"&[';'; 013~ 33.26 kmol nitrogen
~Pa
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g =X x100= 0.2460 _ 100 = 50.33% V
. Ys 0_4888 (AnSwel_) -

The percent saturation P.
Example 6.4: Air contains 0.015 kg water vapour per cubic metre of the mixture g

101.3 kPa. Determine:
(a) The partial pressure of water vapour
(b) The relative saturation
(c) The absolute humidity of the air

(d) The percent saturation '
(e) The temperature to which the mixture be heated so that its percent saturation become 10
s 107,

ressure of water (in kPa) is approximated by the Antoine equation as
3799887

T —46.854

The total number of moles that one cubic metre of air at 303 K and 101.3 kPa containg ¢z

The vapour p
In P*=16.26205 -

Solution:
be calculated using the ideal gas equation:
Vv Pp T, 1 y 101.3 o« 273.15

N = X — X =
22414 B, T 22.414 101.3 303

0.015 kg water = 0.015/18 = 8.33 x 10* kmol

8.33x107*
(a) Mole fraction of water vapour = ’;V; = 0.0402 =0.0207

= 0.0402 kmol

Partial pressure of water vapour = mole fraction x total pressure 4
= 0.0207 x 101.3 = 2.0969 kPa (Answer) §

(b) The vapour pressure at 303 K is calculated using Antoine equation.

In PS = 16.26205 — /22887
303 —46.854

Therefore, P5=4.167 kPa

Relative saturation is the ratio of partial pressure to vapour pressure.

2.0969 "

R.S.= = = d
‘ g7 }100=5032% \"ﬂ (Ansvier
(c) Absolute humidity can be evaluated by Eq. (6.9) £
/ DA 18 20969 18
P-p, 2 - '
Pa 29 101.3-2.0969 29 da_w =.2.9

=0.01312 kg water/kg dry air (Answer

(d) Saturation absolute humidity is

s
1__Pa 18 4.167 18 _
YS - X—= —_= co dry ar
P “1’}3 29 1013-4.167 X 29 0.0266 kg water/kg dr)
Percent saturation =P .S = Y_, X100 = 0.01312 (Ans“'t‘” ;
Yy 00266 <100 =49.32% 1]

| (_e’) When thfe ,mlxlyre is heated at constant pressure, its humidity (Y”) will not change- Ho)ercc“[
saturatfon humidity at the new temperature will be different from the earlier value. SN !
saturation at the new temperature is given to be 10% we have
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’

Y _ , Y 00131 -
ps.=—x100=100%  yi==__09D312 .. kg water/kg dry air.
Y, 0.1 0.1
S

’ PA ] 8
Yo=—F—— X — = 0. . s
put, bY Eq. (6.10), Ts 1013-P5 29 1312 kg water/kg dry air .
erefore P} =17.68 kPa. The temperature corresponding to this vapour pressure 1S calculated

ing the Antoine equation. This temperature is 330.6 K. (Answer)
usit

DewW Point
Dew point is the lqwest temperature to \.’VhICh a yappur-gas mixture can be cooled at constant pressure
without condensation, out of comtact with tl_’? liquid. On cooling a gas to its dew point, the gas gets
qarated with the vapours, without any additional vapour input. Stated in another way, the dew point
s that temperature at which the vapour pressure of the liquid and the partial pressure of the vapour in
the vapour-gas mixture are the same.

Consider an air-water vapour system at 101.3 kPa and 313.15 K with a partial pressure of water, say,

.. . 3 18
1.7 kPa. At this condition, the humidity of the air can be estimated to be ¥ = PpA_ X 29
: —Pa

7 18 |
=i.0_1—13/ﬁ><59—= 0.0106 kg water per kg dry air. The vapour pressures of water at different
temper.anneé are listed in Table 6.1.

Table 6.1: Vapour pressures of water at different temperatures

T.K 283.15  288.15  293.15  298.15  303.15  308.15  313.15
P}, kPa 1.23 1.70 2.34 3.17 4.24 5.62 7.36

Since the vapour pressure of water at 313.15 K is 7.36 kPa, the relative humidity is 71376 x100=

23.1%. If this mixture is cooled to say, 303.15 K, its humidity remains at 0.0106 kg water per kg dry
air, since the partial pressure of water is still 1.7 kPa. However, since the vapour pressure at the new

1.7
temperature is 4.24 kPa, the relative saturation becomes VT %100 =40.1%. On cooling further to

say, 293.15 K, the relative humidity increases to 72.6%. If the cooling is continued, eventually the air
becomes saturated (R.S. = 100%) at a temperature of 288.15 K, which is the dew point of the given air-
water vapour mixture. The vapour pressure of water at this temperature equals the partial pressure of
the water in the original air. If cooling is continued to temperature below the dew-point, the water
vapour condenses and the humidity decreases, air remaining saturated at all temperatures below the
dew-point. Suppose that the air is cooled to, say, 283.15 K, the partial pressure reduces to 1.23 kPa, the
vapour pressure at 283.15 K. This corresponds to a humidity of 0.0076 kg water vapour per kg dry air.
Slpce the initial humidity was 0.0106 kg water per kg dry air, cooling the air by 5 K below the dew
pomnt, results in condensation of 0.003 kg water vapour per every kg of dry air.
Since the dew point is that temperature at which the saturation humidity will be equal to the humidity
of th? given air-water vapour system, knowing the dew point and the vapour pressure of water as a
function of the temperature, the humidity of the air is readily evaluated. However, to establish the state
;f the given mixture uniquely one more specification such as the temperature, the relative saturation or
€ Percent saturation also is necessary.
preIg)ew point' of air can be determined experimenta{ly by cooling a well polished metal surface in the
Sence of air and measuring the temperature at which, the water vapour begins to condense and a fog
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point is a measure of the hUmidity "
’ lS

™~

. N "‘

e metallic surface. As the (.ie.w |
methods for measuring atmospheric humidity. s o A
water vapour mixture at 325 K and 120 kPa has a dew point of - .
by the Antoine equation (P in kPa, 7' in K)

3799.887

T —46.854

appears on th

Example 6.5: Air-
pressure of water is given

In P* =16.26205 —

3K‘The .
iy i

Determine:

(a) The absolute humidity of air

(b) The saturation humidity

(c) The relative saturation and percent saturation
*(d) The dew point if the total pressure is reduced to 100 kPa.
Solution: The partial pressure of water vapour is equal to the vapour pressure at the dew
193 K. The vapour pressure at 293 K is calculated from Antoine equation:

3799.887
293 —46.854
(a) Partial pressure of water p, = vapour pressure at the dew point = 2.28 kPa
Absolute humidity:

, P M, 228 18 |
Y'= X —£ = % =2 0,012 kg water/kg dry air. ¥
P-p, M, 120-228 29 g water/kg dry air (Answer

Poin; o ¢

ps= exp(16.26205 - j =2.28 kPa.

(b) The vapour pressure of water at 325 K

=P; =exp (16.26205 o T B 3
325-46.854
Saturation humidity:

, P M 1347 18 A B
Yo A X A _ : x —=0.0 : (Answer) 1

ST oo PS M, 120- 1347 29 785 kg water/kg dry air.

_ . - Pa 2.28
(¢) Relative humidity = —- X100 = x 100 =16.
Y Py 13.47 R

Y’ 0.012 sl f

Percent humidity = — X100 =
Y 0.0

% (d) The mole fraction of water vapour in the air is equal to the ratio of partial pressur
pressure.
2.28

P4
— = :0_0 A
Y P 120 - J 3
(0!

. T o ot X
Since the humidity remains the same, the partial pressure of water at 100 kPa = mole nactlo"vwm
pressure =f0.019x]00 = 1.9 kPa. Using the Antoine equation, the temperature at whic
pressure of water is 1.9 kPa is found out, which is th i o
Dew point = 29012 K. s the dew point at 100 kPa. @ 3

x 100 =15.
25 5.29%

e [0 {oﬁl]

Dry-bulb Temperature ’ i
o™

In psychrometry, the temper: - dinar
or other tempte?,ature perature of the gas vapour-mixture that is measured by an ©! dindy e
measuring devices placed in the gas is known as the dry-bulb te
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Volumeé

mid
Hu e of one kg dry gas and the accompanying vapour is known as

r ; ; th i
ﬂne)::_’_l:‘qs mixture. Assuming the ideal gas law to be applicable, ¢ humid volume of the
vape = Py T
v, =V X ‘D gl
P T, ...(6.16)

is the humid volume and Vj, is the volume occupied by one kg of the dry gas and the

/
,131‘6 ‘ H 5 5
wl g vapour at the standard temperature and pressure.

Jocompany!

My, M, ..(6.17)

ere Vs in m*. For the gas at the dry-bulb temperature 7, pressure P (kPa) and having humidity ¥,
d volume is calculated using Egs. (6.16) and (6.17) as

1 Y’ 101.325 T
V, =| —+ X 22.414 x X ...(6.18
& [MB MA) P 273.15 (0.15)

V, is the humid volume in m3fk.g dry air. M, and Mj are the molecular weights of the vapour and
the dry gas, respectively. For the air-water vapour system, Eq. (6.18) gives
1 Y\ T
1% =8.314(—+—)x— ,
H 29 18) P ...(6.19)
where P is in kPa and Vy, is in m*/kg dry air. Given the humidity of the air, the humid volume at any

temperature can be calculated using this equation.

1Y
Vy=| —+-—— [x22.414

where ¥¢
the humt

Humid Heat

Humid heat (Cs) is the amount of heat required to raise the temperature of one kg of dry gas and the
accompanying vapour by one degree. Thus it represents the heat capacity of the gas-vapour system at
constant pressure. If the specific heat of the vapour is C, (kJ/kg K) and that of the dry gas is Cp (kJ/kg K),
then the humid heat is
Cg=Cp+Y'C, (5.20)
For the air-water vapour system, C, = 1.884 klJ/kg K and Cp = 1.005 kJ/kg K.
Knowing the humid heat of the air-water system, the heat requirement in the operations such as
drying and humidification can be easily calculated as
Q=G,C,AT ..-(6.21)
where ( is the quantity of sensible heat required for heating without phase change G kg of dry air and
the accompanying vapour by (A7) K.
Example 6.6: Air at 101.3 kPa and 328 K has a volume of 100 m* and is 10% saturated with water
vapour. The vapour pressure of water at 328 K is 15.7 kPa. Determine:

(a) The humid volume of the sample
(b) The humid heat

g (C)_ The amount of heat to be supplied to heat the given quantity of air to 370 K.
Solution: Since the vapour pressure of water at 328 K is 15.7 kPa, the saturation humidity of the air is

N
Pa__y 18 = B X . =0.1138 kg water/kg dry air
. P-p5 29 101.3-157 29
Since the air is 10% saturated, the humidity
"=0.1x Y, =0.10x0.1138 = 0.0114 kg water/kg dry air

(1) B ) ’
% Eq. (6.19) is used to calculate the humid volume.

’
Yo =
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