Humidification Operation,

Humidification and dehumidification are operations in which a pure liquid is in contact wit, an ineg
gas phase which is insoluble in the liquid. In humidification, the liquid vaporises and the vapomm' “
transferred to the gas phase, whereas in dehumidification, the vapours are condensed and transfeyg
from the gas phase to the liquid phase. In majority of these operations, the liquid phase is pure wager |
and the gas is air. Since the liquid phase is pure, there are no concentration gradients and no resisyy
to mass transfer exists in the liquid phase; the mass transfer in these operations is confined to the 2 |
phase. In this respect, the process is simpler than the gas absorption and the distillation, which 1
operations in which mass transfer occurs in both liquid and gas phases. However, the analysis of e
process is complex because it is not the mass transfer alone that controls the rate; it is the simultaneos |
transfer of mass and heat that governs the rate of humidification and dehumidification operations.
It is true that in almost all separation operations involving mass transfer, the transfer of mass s
accompanied by the transfer of heat as well. Heat transfer is of minor significance as a rate hmmns‘. ‘
mechanism in operations such as distillation, gas absorption involving dilute solutions, extracton. §
leaching, etc. In contrast, humidification and dehumidification are operations in which heat st
significantly influences the rate of mass transfer.

Applications

1. Liquid cooling: Liquid can be cooled by bringing the hot liquid into direct contact with m";t
phase. Cooling occurs by the transfer of sensible heat and by evaporation. Cooling to¥<™ .
used for cooling the water recycled from various processing units and power generatns Wi:ss :
in the process plant. Cooling towers operate with the atmospheric air as the coolant for P*
water and the operation is a typical humidification operation.

2. Gas cooling: Gas can be cooled by direct contact with cold liquid. If the presence of me \;, i
in the gas is not objectionable, the gas cooling by humidification ofters substant}ﬂl Sawngmling ]
cost of equipment and maintenance. The gas cooling by humidification is free from the
problems associated with the gas cooling using heat exchangers. ] humidj‘f 1

3. Adiabatic humidification: There are certain processes that require gas of controlle cessitf “T i
and temperature. For example, in drying of certain solids, humiditied air will b€ -nirefﬂ b3
control the rate of drying and to avoid case hardening. The gas humidity can be 1t
adiabatic humidification.
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1D ehu“1"lquid Dehumidification is g]g }?t on of the Sas
47 1d liquid- ) 5 alSo achieye .

q (,O]d . = ~ont . . i undCl NON-acli- . "

¢ -mixture 1in contact with ., \ on-adiabatic ;

was-vapou! n. i Pl efrigerateq pipes. The applicat(' atic (.()ndltl'or'l by passing the
Solvent reco ‘ Y- covery of the g iy Ion Ofc_lehumldlﬁcatlon include:
fication, €.8. TECOVETY (?f carbon tetrachloride. fri ot rom the gas is achieved by dehumidi-
are achieved by dehumidification_
Gas drying: Moisture present in the
of moisture in the chlorine gas leads ¢

$ achieved by the direct contact with
(@)

gases ¢;
) can be femoved by dehumidification. Presence

(c)

Evaporative cooling: This is essentially a non-adiab
1o be cooled 18 passed through the heat exchanger
f1m around the tubes. The film of water is cooled b
the air passed in contact with the liquid.

5. Water desalination: The humidification-dehumidification processes offer a technique for
desalination of water. The process claims several advantages such as the flexibility in capacity,
moderate costs, etc. over the conventional methods of desalination such as evaporation, distillation
and reverse 0SmosIs.

61 VAPOUR-LIQUID EQUILIBRIUM FOR PURE SUBSTANCES

Huimidification operations involve gas-liquid interactions, more frequently, air-water interactions. Since
apure liquid is in contact with a gas phase and vaporisation or condensation occurs till equilibrium is
siablished between the gas and the liquid, it is necessary to know the vapour-liquid equilibrium
characteristics of pure substances. Consider a liquid A (say, water) in contact with a non-condensable
% B (say, air) in a closed container at a constant temperature and pressure. Initially the air is dry so
lat the partial pressure of water vapour in the air is zero. When the dry air comes in contact with water,
“onsation occurs and the air picks up moisture from the liquid. As a result, the partial pressure of
Yéerin the gas increases. This continues till equilibrium is established between the liquid and the gas.

atic operation in which the gas or the liquid
tubes and water is allowed to flow as a thin
Y Vaporisation and transfer of sensible heat to

Vhen equilibrium between the liquid and the gas is finally established, the partial pressure of water
?p “urin the gas stream attains a value that remains constant unless the equilibrium is @ugbed. E\'.en
e liquiq ang gas are allowed to be in contact for an infinitely long period, [he“ equilibrium partial
e cxerted by the vapour in the gas will not change as long as the temperature is not altered. At

USState, the gag 1 i o T ' f the liquid. The partial pressure exerted by
» € 2as 13 saj with the vapours of the hiquid. -
L 410 be saturatgg{ 4 at the prevailing temperature.

g Va R - y 1 1
g, Pour. under saturation is equal to the vapour pressure o'f the hqwdh ihe vapour pressurc of the
lig - 1S nsaturated, the partial pressure of the vapour will be less than ﬁ(\‘;f\ ‘
[:]t d al temperature. ’
. Oderate .
i pressures, the vapour pressure of : = - ature and is
leng Pressure of Eﬁfbé'i;nce A Ii)n thtl: gas phase is, therefore, a unique function QUEEEE?}:IE_E et
Icg ‘ : . g in Fig. 6.1. Figure shows the Vi
, 0 the v, - enhstance A as shown in Fig. 0. .
Pregg € vapour pressure curve of substance A ¢ arte o definite vapour
Dreg'*ure of Water aq d];, t f temperature, At a given temperature, water exerts a definite [llp::i
SSUra. S ¢ ’ AT At ~ . A 1Q "¢ e 1S
In E(:UYL, e vapour o ]fm - A-\I;ith increase in ure. If the water at this temperatt the
Uilihy:  ~ 28T Preéssure mcreases Wit HHvi=es=o - ater vapour in
M With an ineadat .h as air, the partl A
. an insoluble gas such as atr, o o - pressure of water 18
¢ Will he equal to t}:l gour pressure. For example, at 340 K, the vapour pres
e vap SSUIC.

5 _ _
a substance is independent of pressure. The equilibrium

emperat
al pressure exerted by the w
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- , 100
27.34 kPa. If the air is in contact with liquid wate: | K
at 340 K. the partial pressure exerted by the wate 80- o:
in the air under equilibrium will be 27.34 kPa. When E“‘_’ ) 03
moist air with a partial pressurc of water 1ess than 9_;50‘ N
27.34 kPa is contacted with water al 340 K, water - g
vaporises and the air gets humidified. L L 044(3

The vapour pressure Versus temperature plot 20- L % |
serves as the phase equilibrium curve fo:: the i — 027
the dehumidification Operation™ 260 300 310 320 35033_0?5356(??“ oog
70 73

humidification and

The equilibrium can also be represented 111
conventional way by plotting the Conce"tr?no?z Fig. 6.1: Vapour pressure of pure
P ni e W
ions. The mole fractio temperature and equilibria for the SYStcmZt.er
' Ir-

i e
d in th Temperature, K

er Slig
W&lEr i

expressed as mole fract , .
the gas phase y is calculated using Dalton's law: 101.3 kPa
- s
ooPa _Fi
Pp P -8

ure A, mole fraction of the liquid cannot bf’ u:sed to represent the equj| ibriy
dinate of the equilibrium curve in the place of m:ll:
e

plotted as the x-coor : :
er vapour system 15 also shown in Fig. 6.1,

300 K is 33.26 kPa. For a mixture of nitrogen ,
101.3 kPa, calculate: &

The liquid phase being p

temperature of the liquid is .
fraction x. The y versus T curve for the air-wat

Example 6.1: The vapour pressure of acetone at
acetone at 300 K and

saturated with the vapours of
(a) The mole percent of acetone in the mixture
(b) The percent composition by weight

(c) The kg of vapour per m? of the mixture
Solution: Since the nitrogen gas is saturated with acetone vapours, the partial pressure of acetone in the

gas at 300 K, py = P/f — the vapour pressure of acetone at 300 K = 33.26 kPa.

) Partial pressure _ P4
(a) The mole fraction of acetone = ==
Total pressure P

Mole percent = mole fraction x 100 = 32.83% (Answer)

(b) Molecular weight of acetone = 58, molecular weight of nitrogen = 28.0

One kmol of the gas mixture contains 0.3283 kmol acetone, 0.6717 kmol o
kmol of the gas mixture contains 0.3283 x 58 = 19.04 kg acetone and 0.6717 X 2
Therefore, the composition in weight percent is:

19.04
Acetone = _
(19.04+1881) 1 00=3030%

f nitrogen. That i, 0r¢
8 = 18.81 kg niroge®

: 18.81
Nitrogen = 3 o
(19.04 + 18.81) X100 = 49.70% (Answer

(c) Volume of one kmol gas at 300 K and 101.3 kPa =
[) T f T
Vox-Ux—=224x1013 300
— =20 A% _ 3
P, 1013 < 273,15 ~ o0 m

Kl]ugf'mns ()j. Vi:lp()l.lf PTC'SL‘II ‘ll
) ()1 gils 19 04 ké
g

Concentration of the vapour :1904 - ol
POUr= 5460 ~ V7740 kg/m? (Ans
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FINITIONS
ion involves contact between a pyre liquid (A) and

the vapours of the _.Eca (A). Certain specia
z__ﬂ% operations, particularly those involving
ifica

a gas phase consisting of an insolubje

| termg and definitiong are used in the study of
Water (A)-ajr (B) interactions,

apour in g gas-vapour mixture and is
Vapour-free gas, For air-water vapour
Per unit quantity of dry air. Humidity can
midity is defined as the moles of vapour
© 14 moles of vapoyr ang " moles of dry gas in a given

apour present

. The molqg hu
(per mole of vapour-free gas. Let there b
resch

p ole of the gas-vapour system. Then,
am

- moles of
Molal humidity, ¥ =—_° ° Vapour _n,
moles of dry gas ny
ing that the gas phase behaves as an jdeg] gas,
.»,,wﬂm Eoo number of moles of the constituents
determl

...(6.2)

the following equations can be used to

_ P4V
"4 =T

5ub& ...(63)
RT

here Vis the volume of the mixture and 7 is the temperature. Combining Egs. (6.2) and (6.3), we get
ﬁ. — —
- n P Py o
Molal humidity, ¥ = M\w = WP = wlINIS ...(6.4)
B B .
Equation (6.4) means that the molal humidity is equal to the ratio of the partial pressure of the vapour
vthe partial pressure of vapour-free gas. o . ;
| qwm gas ,wﬂo mmaaﬁoawsg the vapours, the molal humidity is the s%m\ wﬂm%“wnmﬁ wmﬁmw . cm“
Genoted as Y. Tt is equal to the moles of vapour per mole of dry mmmoqumﬂ . Bo_a.mmEEno:
“uation, the partial pressure of the vapour is equal to the vapour pr ,
umidity can be written as
Py
P-P}

. id A |
s the vapour pressure of the liquid ¢ ver unit m
The absolyge humidity is defined as the mass of vapour present p

(6.5)
M\u_

< : - ree eas. Fo
Where Qw i ass of vapour-free gas. For

=T o an are the
f dry air. If m, and mj are
U dryqter vapour system it is the kilograms of water present per kg of dry
YA of the vapour and vapour-free gas, then (66)
y My
Absolute humidity, ¥’ = —*
T 2 nolal humidity as:
he absoluge humidity is related to the mola M, (67)
my fx;&\\,\uv\x@\ 6.4), the
"= nzﬂmﬂ g My onawm_v\. Combining with mc ﬁ:“_u_a,.
there gy : f A and B, 1espeetr f A and B in the 835 P
by, 21 My are the molecular weights oI he partial pressures 0 5
e :sa&q can be expressed in terms of ¢ w&n e
5 A

Pa

Y ==X

P-Ps Ms
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tely 29 and the molecular yg;

; P 13 o lar weight is approxima
Noting that for air, the average molecular welg . . ght ‘
: c . - SYS -an be related to the of :
; A — idi > air-water vapout e 1 4
is 18. the absolute humidity of the air-water vapout system € partial py e Mws
Y ’_ t\l\\»\\uﬂ.l % M\M‘wn '
P—Da 29 ot ...53
i ; i s of water vapou :
The absolute saturation humidily (Ys) ﬁ_omoﬁnw the _A__CMMMBQJS pour that one kg dry i
hold at saturated conditions. Analogous to Eq. (6.5), We ¢ i
Py My
Vo= s
P - P B (6.1

essure becomes equal to the total pressure g i
uces to zero. It means that as the boiling point of the liquid is m%am%
finity. We can sec from Egs. (6.5) and (6. 10) that at a given temperg
dependent of the nature of the gas and depends only C?___w_
umidity depends upon the characteristics of the gag 5 s_a.

m__.
ne vapour and nitrogen gas at 101.3 kPa and 300 K contains ¢,
.<_m

artial pressure of 20 kPa. The vapour pressure of acetone i o,
2 Ve

the
e,
Ire.

At the boiling point of the liquid, the vapour pt

denominator in Eq. (6. 10) red
the saturation humidity tends to1n

the molal humidity at saturation is in
pressure, whereas the absolute saturation h

Example 6.2: A mixture of aceto
vapour to the extent that it exerts a p

by the Antoine equation
2795.817

In P¥=14.39155~— T 43.198
perature is in K. Determine the following:

where the pressure is in kPa and tem
(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 ac
Eq. (6.4).

etone to moles of dry nitrogen. It is given by

p 20
y=_F Ao _ 0.2460 moles acetone y
P-p, 101.3-20 mole nitrogen (Answer
(b) Absolute humidity is the ratio of kilograms of acetone to kg of nitr
multiplying the molal humidity by the ratio of the molecular weights of acetone and nitrogen

ogen. It is obtained b

/ 58
Y’ =0.2460 x — = 0.5096 E (Answer
28 kg nitrogen
(¢c) Vapour pressure of acetone at 300 K, from Antoine equation
In P* = 14.39155 - 225817 _
300 -43.198
P*=33.265kPa
P’ ™
campation Bumidity To= = 33.265 — 0.4889 moles of acetone ryaiz
P-pP°> 101.3-33.265 mole of nitrogen
(d) Absolute saturation humidity Y, = ().4889 x S8 ~1.0128 kg acetone ( >E§u_
28 kg nitrogen

Relative Humidity and Percent Humidity
ercent

The amm_.mm of unsaturation of a gas-vapour mixture can be expressed either as the p il
saturation or as the percent saturation. The percent relative saturation or the percent pelati® "
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Rl . on (relative humidity) =Pa X 100%
(&)

ww
: A
u wration ot the percent humidity is the rat ..(6.11)
The /™, isting conditions to the S the ratio of the mole
in the ox_:mmm t b5+ e iTiE e _me_om of vapour per mole of M_,Mmmom .,Wﬂoi present per mole
. ratio of the k as 1f the gas wer
g0 . e saturated,

eSS erature tO the kg of the vapour ; f vapour
: g pour associated with one kg aécmwwohw% o X of the dry gas at
s er saturated conditions

A:>\:wv
C\f \BmemEB:o: ...(6.12)

ator 1 . (6.12) 1 idi

e e 2 :m M@%@ Q.vo ” Mﬂo Eo._m_ humidity and the denominator i

Therefore, the percent humidity can be defined as the ratio of %M m:w_wm.% o_m_w il o
idity of the mixture

quration- :
o the pumidity in the saturated state.

aturation (percent humidity) = % 100%
(0]

wﬁnm:ﬁ S

Percent saturation = .Wl x 100% = M\[\ % 100%
S .
Suppose that the ww\nooa saturation is 60%. It means E»Mﬂ:m vapour ¢ : o
kgof ,.,%oc.a.wg gas is only 60% of the vapour that will be present with M Eom: b RIS per OHls
qurated with the /.waoﬁm at the same temperature. In contrast, the Ho_m%wo mmmm“wﬁm.mm if the gas were
w@%ﬂ&a mM vwac& pressure of the S%oE, in the gas phase is sixty percent of EMNM oM 60 percent
e relationship between percent saturation and percent relative saturation can be amnéawu\cm%%mﬁwﬂww

6. (64), (6.5) and (6.13).

5, P-P;
P.S = =4 x ——4-x100%
| PS P-p, ...(6.14)
Equation (6.14) can be rewritten using Eq. (6.11) as
s S
w.mnw.mxw w\, 6.15
F-7, ...(6.15)

Where

Since %.omamm Awwl Wm the mdclwoi.mmc:m for woa.ooa saturation and relative saturation, respectively.

elitive saturation ﬁﬂ ) \ (P-p,)in Eq. (6.15).is always less than 1, percent saturation is less than

Bangle 5. g atis, PS <R.S !

Doty Ea .aWﬁB_xEB. of acetone vapour and nitro

53326 kpy Uo_%: :.Ea it exerts a partial pressure of
: rmine the relative saturation and the percent S

,waﬁs

n: Th . .

Upresseq . © relative saturation is the ratio of the partial pressure of
% percentage, i.e.

gen gas at 101.3 kPa and 300 K contains acetone
70 kPa. The vapour pressure of acetone at 300 K
aturation of the mixture.

acetone to the vapour pressure

R.5. = Pa % 100 = 2L % 100 =60.1 3% (Answer)
The P 33.26
UOHO@DF . . A
_ saturation is given by Eq. (6.13).
fere, th 7] 20 kmol acetone
* ™€ molal humid; _ Pa o= —=0.246( Xmo - —
humidity, K= p-py 10 1.3-20 kmol nitrogen
kmol acetone.

The .
SO_N_ : . ) \W\w.No ) N i
:. . —=04888—"".

S_Q_Qm;macam:o:. V\mn\\\.w_al::.w! wu.w@ 045 kmol nitrogen
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Volumeé

id
p f one kg dry gas and the acc, .
_ yolume 0 . ; . mpanymg vapour
" ‘1r-£!a5 mixture. Assuming the ideal £as law tg pe ap]:?]iu'lblS known as the humid volume of the
- Vy =V, xix 4 .
H 0 T()
humid volume and V, 5 ¢, (6.16)
o Vy is the 018 the volume
‘h;r,;pan)"“" vapour at the standard temperature 4 Prgzgﬁfd by one kg of the dry gas and the
{4 ’
1 ¥
Vo =|7—7+— |x22.
O [MB M“) X 6.17)
ere Vois 0 m®. For the gas at the dry-bulb tery T
\

. . Perature T, pres; ) o
i humid volume is calculated using Eqgs. (6.16) and (6.17)1)&:8911% P (kPa) and having humidity Y,

1 Y 101.325
VHz(-—+~Jx22.414x\'~x r
My M, P 27315 <ARA5)
1, is the humid volume in m¥/kg dry air,

: . M, and My, are the mole
e dry gas, respectively. For the air-water vapour system, Eq. (6.18)

1 Y'Y\ T
VH _8314(_23-}“1_8))(; (619

where P is in kPa and V; is in m3/kg dry air. Given the humidity of the air, the humid volume at any
emperature can be calculated using this equation.

cular weights of the vapour and
gives

Humid Heat

Humid heat (Cy) is the amount of heat required to raise the temperature of one kg of dry gas and the
acompanying vapour by one degree. Thus it represents the heat capacity of the gas-vapour system at
consiant pressure. If the specific heat of the vapour is C, (klJ/kg K) and that of the dry gas is Cj (kJ/kg K),
tien the humid heat is

Cs=Cp+Y'C, ...(6.20)
0 the air-water vapour system, C, = 1.884 kJ/kg K and Cp = 1.005 kl/kg K ‘
Knowing the humid heat of the air-water system, the heat requirement in the operations such as
"¢ and humidification can be easily calculated as 621
" 0=G,C,AT . kS j
vj’here Qis the quantity of sensible heat required for heating without phase change G kg of dry air an
e “cCompanying vapour by (AT) K. . _
Examl’le 6.6: Air at 101.3 kPa and 328 K has a volume of 100 m* and is 10% saturated with water
“4our, The vapour pressure of water at 328 K is 15.7 kPa. Determine:

( .
(;) The humid volume of the sample
) The humiqg heat

: ity of air to 370 K.
%) The amoy ’ ied to heat the given quantity of air to 3 o
Solutian. Sinr:: ltl}?(: of heat to be s;lepg}u\‘jia:er at 328 K is 15.7 kPa, the saturation humidity of the air is
" vapour pressu

(ry

, D 18 157 18 01138 kg water/kg dry air
. YS:p_pg “29 " 1013-157 29
"€ he dir i 109, sarurated, the humidity
(4 ¥'=0.1xYg=0.10x0.1138 |
& (6.19) is used to calculate the humid volume:

= 0.0114 kg water/kg dry air
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