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Theory and calculation of water cooling towers

In the figure: Temperature and concentration profiles:
o Thereis no driying fo.rce. for liquid water | ——interface
mass transfer in the liquid phase, ?\H,- )
since water is a pure liquid. . air
. o idit
o The bulk gas phase with a S g humicity

driving force in the gas phase -— ———water vapor

of A H= (Hi- Hs) kg H.0/kg dry T, NI
air )
o The temperature driving force is ~— T temperature

AT.=T.-T;; in the liquid phase sensible heat (2) [ Tatent heat in gas (b)

and inliquid__________ )
ATs=T:- Ts K or °C in the gas l (_a_)_:_(l_gzt(_c_)_!sensible heat in gas (c)
phase.

o Latent heat also leaves the interface in the water vapor, diffusing to the gas phase.

» The sensible heat flow from the liquid to the interface equals the sensible heat flow

in the gas plus the latent heat flow in the gas
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Theory and calculation of water cooling towers

» These profiles occur in the upper part of the cooling tower.

> In the lower part, the bulk water temperature (T, ) my be below the dry bulb
temperature (Tg). Then, the direction of sensible heat flow is reversed.
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Continuous countercurrent adiabatic water cooling:-

* Define the following:

02 L2 water
T T T T T T T T T T T T Tga T,
! L= water flow, kg water/s-m? 52
| 1y
|
| T, = water temperature, °C or K G
l ) TG +dTg
| G = dry air flow rate, kg/s-m? H+dH L+dL
| Hy+dH, ___L Tp+dT,

i Tg = air temperature, °C or K
i H = Humidity of air, kg water/kg dry air*

i H, = enthalpy of air-water vapor mixture,
I J/Ikg dry air

|
|
EER
1
|
|
[
|
Il
SR
|
|
1

G
| L,=latent heat of water, J/kg Lo Té,r - —-iLl -
! . ar H, Try
| cg= humid heat = ¢, +c5*H L
e e e e
—(r_ T 1

*Humidity, H can be retrieved from the humidity chart
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Continuous countercurrent adiabatic water cooling:a@ S

N
Sg0

» Assumptions

It G L
~i. Flow rate of gas and liquid water is TZ::T szz water
‘ assumed constant since only a small water f,(;
evaporated (1-5%). !
; G
ii. c_is assumed constant at 4.187x103 J/kg'K | gi;f’%i L L dL
Hy+dH, Ty +dTy,
- B
> Perform the energy/heat balance: ol ___ &
— . I S Y A,
Heat emitted=Heat absorbed ,r ;T;G} T Ty |
: Hy : z
1) Heat balance for dashed line box making a heat { |
balance for the dz column height : S }
L__T _ _ I, .1
w T
— Total sensible heat transferred from bulk Hy1
fluid to interface;
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| heat transfer coefficient

Considering the two terms to left, Integration

G(H,-H,)=Lc, (T -T.,)

» Rearrange the above Eqg. to have the following

operating line Eq.:

H =(H

¥ vl

Lc Lc
A AN A
Ll G ) G L

| — 2 3 |
| Liquid phase volumetric > a=AlV (m?/m°) |

(==
I
|
|
I
|
|
I

Gy

Hyy

G, L,
TGZ T l TLZ water
Hy
Hy
G
Tg+dTg
H+dH L+dL
Hy+dH, L Tp+dTy,

L.—‘Tcxf*'-ih -—=
aw H, Try
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Continuous countercurrent adiabatic water cooling:a@ S

N
Sg0

When plotted on a chart of H,versus T, this Equation is a straight line

l

Lc c
Intercept = H ,, — T}, GL ;  Slope=—*
. §22T sz water
» Also, making an overall heat balance over both ; v
ends of the tower, G
_ gl
G(Hy>-Hy4)=Lc (T >-T,) R T
G —_
. T
— To draw the operating line we need s i :
either two points or one point and slope I ;l
(Lc /G). EE‘?F"—:PT‘ )
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Continuous countercurrent adiabatic water cooling:a@ S

>
Sl

1. Draw the equilibrium curve: the enthalpy of saturated air versus the dew
point temperature T, using:

Hyi ZCS(TL _TO)+H1']“0

where the T, is the base temperature: ¢, =1.005+1.88H. :kl/(kg dryair.K)
T,=0°C : 1,=2502.3 kJ/kg water

= 0.24+0.45H,; btu/(Ibm dry air.° F
T =32 °F :1,=1075.8 Btu/lbm water - ;s btw/(Ibm dry air."F)

) H,, = (1.005 + 1.88 H)10° (T-0) + 2.501x10¢ H, , J/kg air

H; is the saturated humidity picked up from the psychrometric chart at T,.
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Continuous countercurrent adiabatic water cooling=.

Sg0

TABLE 10.5-1. Enthalpies of Saturated Air-Water Vapor Mixtures
(0°C Base Temperature) :

H’ H’
T, btu J T, btu J
°F  °C Ib,, dry air kg dry air °F °C Ib, dry air kg dry air
60 15.6 18.78 43.68 x 10° 1060 378 63.7 148.2 x 103
80 26.7 36.1 84.0 x 10° 105 40.6 74.0 172.1 x 10°
85 294 41.8 972 x 10° 110 433 84.8 197.2 x 10°
950 322 482 1121 x 10° 115 46.1 96.5 224.5 x 10°
95 35.0 554 1289 x 10° 140 600 198.4 461.5 x 10°
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Continuous countercurrent adiabatic water cooling:»:@ S

>
Sl

equilibrium line

Enthalpy of air-vapor mixture,
H, (J/kg dry gas) Hy*

Ty,
Liquid temperature °C
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> Draw the operating line Eq.: H’fgézT |72, waeer
Hoy
Le, . Lc, rorars
H, :(Hyl_TLI G )+ G T, g:fgﬁyi___ngfﬁTL
o Knowing the entering air conditions Terand Hi1 the - :F____:jif L -, ¥
enthalpy of this air Hy1is calculated | gc Lo
o The point Hyzand Tu1 (desired leaving water o i |
temperature) is plotted as one point on the operating I . ! _L
line (Turand Hy1) :E-Z?F_—TLTL_,_J
H
L L >
Intercept=H , =T, % ; Slope = %

o Knowing Te2and Hz the enthalpy of this air Hy2 can be also calculated and the point
(Tzand Hy2) is plotted as a second point on the operating line
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T, :at the bottom of the tower; z=0

Hy*Z T, ,:at the top of the tower; z=Z
equilibrium line
HyZ L.
It operating line,
Enthalpy of air- y slope = Lc¢;/G

vapor mixture, H
H, (J/kg dry gas)

7

-

* .V
H,

~

0y T; T, T,
Liquid temperature °C
Desired leaving water temperature
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Continuous countercurrent adiabatic water coolingz.,

+ We know from mass transfer course, that the flux, N,, for species A (water vapor)
diffusing through stagnant gas (air) is:

N, :ky(yA,i'yA,G) :kG(PA,i_PA,G) k, =k.P

y

where kg is gas-phase film mass transfer coefficient in kgmol/(s.m2.Pa), P,;and P, s is
the water vapor partial pressure at the interface and in the bulk gas-phase, respectively.
While y is water vapor mole fraction.

* The mass-transfer interfacial area between air and water droplets is not known.

« This film mass-transfer interfacial area is different from the surface area of packing.
Here, a quantity (a,), defined as interfacial area per volume of packing section, is
combined with the gas-phase mass transfer coefficient, ks , to give a volumetric film
mass transfer coefficients defined as (kg ay,;) in kgmol/(s.m3.Pa).
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 Now the volumetric diffusion rate of water vapor, N, ,, is:

Ny = kyaM (VuirVac) =keay (PP )

* The relationship between humidity and mole fraction is:

 HIM,
1/M,+H/M,

y

 where M, and Mg is the molecular weight of water vapor and air,
respectively.

» Since H is small, an approximation of the relationship is:

M . H M
y NA,vol = —BkyaM (Hi_HG)
MA NA,vol = kyaM (yA,i_yA,G) MA
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Continuous countercurrent adiabatic water cooling= ®~

Sg0

Where;
H, is the humidity of the gas at the interface in kg water/kg dry air, and

Hg is the humidity of the gas in the bulk gas phase in kg water/kg dry air
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Continuous countercurrent adiabatic water cooling= @

Sl

S

Lc,dT,=GdH,=h, -a-dz(T-T;)

F———— e —— o

Liquid phase volumetric
heat transfer coefficient

Temperature and concentration profiles

- i face
liquid water | interlac

> The sensible heat flow from the liquid & .
to the interface = the sensible heat \\ N
flow in the gas + the latent heat flow S~ Hg humidity
in the gas - — ———water vapor

oo T
|

1 Ti
(@=(b)* () ’ "
______________ T temperature

sensible heat (a..)__.,. latent heat in gas (b)

i (a)=(b)+(c) | sensible heat in gas (c)
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Continuous countercurrent adiabatic water cooling=

G

» The latent heat in the water vapor being transferred over volume dv=Adz
height column is:

dQﬂ = NA,voz/IoMAdV

dV = dzA N o = Mk a, (H-H) I M,

dQ, = M ,k,a,,(H-H )2 Adz

> Further, the rate of sensible heat transfer (convective heat transfer rate in
gas phase) over volume dv =Adz is:

dQ(.':onv=hG'aH,G'dz'A (Ti'TG)
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Continuous countercurrent adiabatic water cooling= @«

Sl

dQ: dQA'ildqconv

d
dq = 7Q = [MBkyaM (Hi-Hg) A +hgay (T, - TG)]dZ

> It is found that for water vapor-air mixture the experimental value of
which is called the psychrometric ratio is closed to humid heat cg:

(hgay ¢ /MBkyaM)

hGaH,G ky = kP hGaH,G

cg = ———"— ¢ =G
M Pk a,,

Mk ay,
Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g
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Continuous countercurrent adiabatic water cooling:a@ S

N
Sg0

* Using the above Lewis relation:

dq = lMBkyaM (H-H;)4, +hGaH,G (T, 'TG)JdZ

hGaH,G

M ,Pka,,

1N

Cg

dq =M yPkga,, [Hi/lo +c,T, — (T + AHg )]dZ

» adding and subtracting cgT, inside the bracket of the above Eq.:

dq:MBPkGaM[CS(T;‘ —Ty)+H A, — (cs (T _To)""loHG)]dZ
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Continuous countercurrent adiabatic water cooling= @«

Sl

H, =cs(T,; -T))+ 4,H;| Enthalpy of water vapor-air mixture at T

H =c (T -T)+HA, Enthalpy of water vapor-air mixture at T;
yi i i

ey | dq =M ,Phga, |H, —H )z

But dg =GdH ,

Hy,

7 G ¢ dHy
= " M,Pka, ;] H,-H,
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Design Eq. of the cooling tower

S

Continuous countercurrent adiabatic water cooling:a@ S

N
Sg0

G ™ dH

7 = j ! = (HTU)(NTU)
M Pkga, @ H,—H,
— y1

-
HTU NTU

HTU = Height of a transfer unit
NTU = Number of transfer units

« The enthalpy, H,, at the interface temperature T;is determined from:

yi»

dg=M Pkea,|H, - H )iz

l dq=hyay ,(T,-T;)dz

Hyi _Hy . hLaH,L

T-T, M Pk.a,,
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Continuous countercurrent adiabatic water cooling:»:@ S

>
Sl

» For getting small approach, cooling tower height must be increased.

» To achieve zero (0) approach theoretically, infinite packing height is needed.
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Continuous countercurrent adiabatic water cooling= ®~

Sg0

T, :at the bottom of the tower; z=0
T, ,:at the top of the tower; z=Z

equilibrium line

operating line,
slope = Lc;/G

Enthalpy of air-
vapor mixture,
H, (J/kg dry gas)

slope = P Hy Mty

S I-T, _MBPkGaM
Ty, T, T, T,
//Liq;id temperature °C

Desired leaving water temperature
Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g
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Design of water cooling tower using film mass transfef

coefficients: Procedure

1. Draw the equilibrium curve:

o The enthalpy of saturated air H ,is plotted versus Tion an H versus T plot. This
enthalpy is calculated using the equation

H,; = (1.005 + 1.88 H)10° (T-0) + 2.501x10° H, , J/kg air

H; is the saturated humidity picked up from the psychrometric chart for a given
temperature.
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Design of water cooling tower using film mass transfef

coefficients: Procedure

2. Draw the operating line:
= Use the operating line equation

L L
H. =(H oy

and/or the overall steady-state heat balance over the entire cooling tower:

G(HyZ _Hyl) =Le, (T, -T,)

H,1and H,, is the gas mixture enthalpy at T, and Tg, , respectively.

— To draw the operating line we need either two points or one point and
slope (Lc /G).
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Design of water cooling tower using film mass transfes

coefficients
3. Draw lines with slope:

Hyi_Hy — hLaH,L :Slope:Hyil_Hyl :Hyi2_Hy2
T-T, My Pkga,, T,-T, T,-T,,

* Select some value of T, and read H,; from the equilibrium curve.
 Select some value of T and calculate H, from the above equation.

 Draw a line pass through the points (T;, H,;) and (T, H,) this line must have
slope of h,ay, /(MgPkgsa,).

At 6 to 8 locations, draw parallel lines (slope= - h ay,/(MgPksay )
from T, to T , to read enthalpies H,; from equilibrium curve.

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g
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Design of water cooling tower using film mass transfer

coefficients
4. Calculate the number of transfer units (NTU):

* Use Enthalpy vs. T, graph to find the driving force H,-H, for various
T, value from T, to Tp,.

 Calculate 1/(H,-H, ) for various T, value from T ; to T ,.
. Perform graphical or numerical integration to calculate NTU:

H
¢ dH
NTU= [ —2—
H,, Hyi _Hy

5. Calculate the height of a transfer unit umber of transfer units
(HTU): G

M Pk a,,

HTU =

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan
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6. Calculate the height of the cooling tower: |Z=(HTU)(NTU) g
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Example

A packed countercurrent water-cooling tower using gas flow rate of 1.356 kg dry
air/(s.m2) and water flow rate of 1.356 kg (s.m?2). The water is cooled from 43.3
to 29.4 °C. The entering air at 29.4 °C has a wet bulb temperature of 23.9 °C.
The gas film mass-transfer coefficient is estimated as 1.207x10”
kgmol/(s.m3.Pa). h ay, /(MgPkgay) has a value of 41.87 kJ/(kg.K). The tower
operates at 1 atm. Calculate the Range, The approach, the tower
effectiveness, and the height of the packed tower.

Solution: |G =L =1.356 kg/(s.m®)| |T,, =29.4°C| |T,, =43.3°C

T, =29.4°C;Tys =23.9°C| |k,a, =1.207x107" kmol/(s.m?)
Range=7,,—-7,, =43.3-29.4=13.9°C
Approach =T, -1, =29.4-23.9=5.5°C
Effectivness =100 x Range/0(Range + Approach) = 71.6%

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g
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Solution

Height of the packed tower.

1. Draw the equilibrium curve: use saturated humidity curve in the
psychrometric chart and enthalpy Eq. to get:

] —
T, L I_[m" kJ/ kg —— Equlibrium curve

15.6 437 ] ]
26.7 84.0 200 7 i
29.4 972 £}

322 112.1 EREE ]
35.0 128.9 g

378 148.2 T ] ]
40.6 172.1 100 - ]
433 197.2 | 1
46.1 2245 ol

30 35 40 45 50 g
0
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Solution Cont.d

2. Draw the operating line:

£, T TR_™]
To=294°C;Tyy =23.9°C | & SLONIPATPAIAR
&, i 4%
. £ i Tk
H, =0.0165kg water/kg dry air| & L X
OIS
o v nl.“l . e i
D& ¥0/00 8 e V|
¢ o AL A s :uh,"'(
&, b 2NN
«5% S S e o
™ S
2. q—.@ 4 by 4 o "ol 8 ?*
L P o Sae
A v :h A » My o ,.a‘:_q' ™
& ¥ : e b e T [ et e "l Yl
2 = I g - el
@-? E] > "“'P‘ e : ; T H'ﬁ;E#-‘.
=] o
o :'{.‘* - _ - 5_,::_ =i ] !: <t
Mt T N [
o == e N e A Ma iy, NN
-1 -5 a 5 1 20 25 30 35 40
0.75 &nﬂw B"!h e D\:Bﬁ 080

Humid Volume, m*/kg Dry Air
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Solution Cont.d

2. Draw the operating line:

¢ =1.005+1.88H, =1.005+1.88(0.0165) =1.036 kJ/(kg dry air.K)

H, =c,(T,, ~T,)+ H 2, =1.036(29.4—0) +(0.0165)(2502.3) = 71.7 kl/kg

Apply overall steady-state heat balance over the entire cooling to get H,,:

G(HyZ _Hyl) =Lc, (T,,-T,)

G =L =1.356 kg/(s.m?) c, =4.187kJ/(kg K)
T, =29.4°C| |T,, =43.3°C H, =71.7kl/kg

H,,=129.9kl/kg

We have two points enough to draw the operating line:

(T, H,) = (29.4°C,71.7KI/kg) | (T,,, H,,) = (43.3°C,129.9K]

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan
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Solution Cont.d

2. Draw the operating line:

(T, H,)) = (29.4°C,71.7KJ/kg) | [(T,,, H,,) = (43.3°C,129.9kJ/kg)

250 | T 1 T T T T 1 T T T T T T T T T T T T T T

Equlibrium curve
—— Operating line

200 1

Hy (kJ/kg)
g

100 1

T
L2

507|!||||||||||||||-|||...
30 35 40 45 50

0
T, (O
CHCHICdl COZINCCTINE JEPArUNCIL | UILVETSILY 01 JOTUAIL | AIIIIIEN 1142, Joraan "
Tel. +962 6 535 5000 | 22888

Solution Cont.d

3. Draw lines with constant slope:
« For example, at T; =35 °C, from the equilibrium curve H,;=128.9 kJ/kg .
« atT =36 °C, calculate Hy from:

H.—H. 1289-H h
i~y vl 41 87%0/(kgK)
T-T, 35-36 M Pk a,,

H, =87.03kJ/kg

* Draw a line passes through the points (35 °C, 128.9 kJ/kg ) and (36 °C,
87.03 kJ).
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Solution Cont.d

3. Draw lines with constant slope:

250----|--------|----|----

—— Equlibrium curve
—— Operating line

200

100

Hy (kJ/kg)
Z

T
L2

50 T T T I:I T T T T
25 30 35 40 45 50

T, (°C)
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Solution Cont.d

4. Calculate the number of transfer units (NTU):

* At 6 to 8 locations, draw parallel lines as shown below from T, to
T, to read enthalpies H,; from equilibrium curve

250 T T T T 1 T T T T 1 T T T T 1 T T T T 1 T T T T
1| —— Equlibrium curve i
|| —— Operating line i S/ope -
4| — Line with slope= - 41.87 kJ/(kg.K) i
200 P : 1-41.87 x10°

1/

Chemical E: _ I
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T, (°C)

50




250 U U U U I U U U U I U U U U I U U U U I U U U U

—— Equlibrium curve
—— Operating line

200 ——— Line with slope= - 41.87 kJ/(kg.K)

Hy (kl/kg)
Z

100

T, (°C)
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Solution Cont.d

200 T T T 1
AR slope =-41.87 X 103~ | °
o T e K
AECTTR SN
E IBP ARG
—_
= 140 Y hg "
> 21\ Ll .2
E 1 20 -~ \/ \\ ‘\ //T
) = |
% / \\‘ \_~] |
S 100 \ |
2 Wl \ A" operating line lL
\ o
605 -
28 |30 32 34 36 38 40 42 144 46
i i
T1q Liquid temperature (°C) T2
FIGURE 10.5-4. Graphical solution of Example 10.5-1.
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Solution Cont.d

4. Calculate the number of transfer units (NTU):

H. (kI/ke) | H (Kkg) | H.-H (ki/kg) | V(H, - H); (keg/kJ)
94.4 71.7 22.7 0.0441
108.4 83.5 24.9 0.0402
124.4 94.9 29.5 0.0339
141.8 106.5 35.3 0.0283
162.1 118.4 43.7 0.0229
184.7 129.9 54.8 0.0182

* Using Trapezoidal rule of numerical integration:

H

2 dH
NTU = j—ygl.sz
JH. -H

v y
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Solution Cont.d

5. Calculate the height of a transfer unit (HTU):

HTU = G 1.356 3.82m

T M, Pk.a, (29)(101325)(1.207x107)

6. Calculate the height of the cooling tower:

Z=(HTU)(NTU) = (3.82)(1.82) = 6.96 m
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Minimum value of air flow G_,;.:

* Minimum air flow gives maximum slope of the operating line Eq.

Lc Lc Lc
H, =(H,-T,—5)+—*=T, Slope,, = —*
G G G min
¥ N
equilibrium line\A |
7 A > p
operating line for G,
. slope=Lc,/G,,,
\ operatin;gr line,
H, | A7 y slope = IiucL/G
Ty, T,

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan
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Minimum value of air flow G,

* Minimum value of air flow G_,:
« For actual cooling towers, a value of air flow rate greater than G,,;,, must be
used. A reasonable value of G is (1.3-1.5)xG,,.

Example. Find the minimum air flow for previous example

250 T T
H,-H ] —
Slope,,,= ——= ]| Gremineine™
L2 L1 200 | ]
194-71.7 - |
43.3-29.4 S 150 ] ]
=8.8kJ/(kg.K) ‘m; ]
Slope, .= écL 100 - ]
™ Slope,,, 25 50
— 0.64kg /(s.m%) T, (O
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Design of water cooling tower using overall mass-transfes

coefficients

> Usually, the overall volumetric mass-transfer coefficient Kza, is
available and the design equation becomes:

G v dH
= Y —(HTU)(NTU)
M,PKea, ] H —H,
%f_/ yl

[ —
HTU NTU

HTU = Height of a transfer unit
NTU = Number of transfer units

» Use the same procedure as in film mass-transfer coefficient except that the
values of H*y is determined by going vertically from the point H, on the
operating line up to equilibrium curve.
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Design of water cooling tower using overall mass-transfes

coefficients

1| —— Equlibrium curve
|| — Operating line

Hy (kJ/kg)

» If the experimental cooling tower data with known height (Z) are
available, then design equation can be used to determine the
experimental value of the overall volumetric mass-transfer coefficient.
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Design of water cooling tower using overall mass-transfes

coefficients

Example. Use the data and result of previous cooling tower example to
estimate the overall mass-transfer coefficient Kza,,.

Solution: 250 ‘
: Equlibﬁum‘curve
Hy (kJ/kg) H*y (kJ/kg) || — Operating line 7
71.7 96.8
80.7 108.3
91.5 120.9 ]
100.4 1354
110.1 152.4 7
119.2 172.1
129.9 196.8
25 30 35 40 . 45 50
T, (°C)
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Design of water cooling tower using overall mass-transfes =

coefficients A

H, (ki/kg) | H*, (kl/kg) | H*-H (kikg) | U(H"-H, (kg/kl)
1.7 96.8 25.1 0.0398
80.7 108.3 27.6 0.0362
91.5 120.9 294 0.0340
100.4 135.4 35.0 0.0286
110.1 152.4 42.3 0.0236
119.2 172.1 52.9 0.0189
129.9 196.8 66.9 0.0149
" dH
Using Trapezoidal rule: |[NTU = J' ————=1.63
Hy, “y Hy
HTU:L:@:4.27m: G
NTU 1.63 M,P(K.a,,)
G 1.356

=1.08x107" kmol/(s.m’.Pa)

Kot = 3 (PyHTU) ~ (29)(101325)(4.27)
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Dehumidification towers

» To reduce the humidity and temperature of air that enters.
» For dehumidifier, the operating line must be above the equilibrium
line.

> Similar calculation methods are used.
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