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Abstract

The effect of the Lewis factor, or Lewis relation, on the performance prediction of natural draft and mechanical draft wet-coolin
is investigated. The Lewis factor relates the relative rates of heat and mass transfer in wet-cooling towers. The history and deve
the Lewis factor and its application in wet-cooling tower heat and mass transfer analyses are discussed. The relation of the Lew
the Lewis number is also investigated. The influence of the Lewis factor on the prediction of wet-cooling tower performance is sub
investigated. The Poppe heat and mass transfer analysis of evaporative cooling are considered as the Lewis factor can be explicit
It is found that if the same definition or value of the Lewis factor is employed in the fill test analysis and in the subsequent cooli
performance analysis, the water outlet temperature will be accurately predicted. The amount of water that evaporates, however, is
of the actual value of the Lewis factor. If the inlet ambient air temperature is relatively high, the influence of the Lewis factor, o
performance diminishes. It is very important, in the view of the Lewis factor that any cooling tower fill test be conducted under co
that are as close as possible to the conditions specified for cooling tower operating conditions.
 2005 Elsevier SAS. All rights reserved.
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1. Introduction

The Lewis factor,Lef , appears in the governing equ
tions of the heat and mass transfer processes (evapo
cooling) in a wet-cooling tower according to Merkel [1] a
Poppe and Rögener [2]. Merkel [1] assumed that the Le
factor is equal to 1 to simplify the governing equations wh
Poppe and Rögener [2] used the equation of Bosnjakovi
to express the Lewis factor in their more rigorous approa
This approach is commonly known as the Poppe method
will be referred as such in this paper. The analysis of Po
[2] is employed in the current investigation as the value
the Lewis factor can be explicitly specified. The influen
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of the Lewis factor on wet-cooling tower performance c
therefore be critically evaluated under a wide range of am
ent conditions.

There is a common misconception among researc
who refer to the Lewis number,Le, as the Lewis factor,Lef .
The relation between the Lewis number and the Lewis fa
is explained.

2. Lewis number

The derivation and significance of the Lewis number,Le,
is explained by its analogy to the derivation of the Pran
Pr, and Schmidt,Sc, numbers.

The rate equation for momentum transfer is given
Newton’s law of viscosity, i.e.,

F ∂u ∂(ρu)
A
= −µ

∂y
= −ν

∂y
(1)
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Nomenclature

A area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2

C coefficient
ci concentration . . . . . . . . . . . . . . . . . . . . . . kg·m−3

cp specific heat at constant pressure J·kg−1·K−1

D diffusion coefficient . . . . . . . . . . . . . . . . . m2·s−1

d molecular weight ratio= 0.622
F force . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . N
h heat transfer coefficient . . . . . . . . . W·m−2·K−1

hm mass transfer coefficient . . . . . . . . . kg·m−2·s−1

k thermal conductivity . . . . . . . . . . . W·m−1·K−1

L length, m, or length scale
Ṁ mass flow rate . . . . . . . . . . . . . . . . . . . . . . . kg·s−1

Q heat transfer rate . . . . . . . . . . . . . . . . . . . . . . . . W
T time scale
u velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m·s−1

w humidity ratio (kg water vapor)·(kg dry air)−1

y coordinate

Greek symbols

α thermal diffusivity,k/ρcp . . . . . . . . . . . m2·s−1

µ dynamic viscosity . . . . . . . . . . . . . . kg·m−1·s−1

ν kinematic viscosity . . . . . . . . . . . . . . . . . . m2·s−1

ρ density . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg·m−3

Dimensionless numbers

Le Lewis number,k/(ρcpD), or Sc/Pr, or α/D

Lef Lewis factor,h/(cphm)

Nu Nusselt number,hL/k

Pr Prandtl number,cpµ/k

Re Reynolds number,ρuL/µ

Sc Schmidt number,µ/(ρD)

Sh Sherwood number,hmL/D

St Stanton number,h/(ρucp), or Nu/(Re Pr)
Stm mass transfer Stanton number,hm/(ρν)

or Sh/(Re Sc)

Subscripts

a air
i inlet
m mass transfer, or mean
o outlet
s saturation
w water
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The rate equation for heat or energy transfer is given
Fourier’s law of heat conduction,

Q

A
= −k

∂T

∂y
= −α

∂(ρcpT )

∂y
(2)

The rate equation for mass transfer is given by Fick’s law
diffusion, i.e.,

Ṁ

A
= −D

∂ci

∂y
(3)

The diffusivitiesν, α andD in Eqs. (1)–(3) have dimension
of [L2/T ], whereL andT refer to the length and time scal
respectively. Any ratio of two of these coefficients will res
in a dimensionless number. In systems undergoing sim
neous convective heat and momentum transfer, the rat
ν to α would be of importance and is defined as the Pra
number, i.e.,

Pr = ν

α
= cpµ

k
(4)

In processes involving simultaneous momentum and m
transfer the Schmidt number is defined as the ratio ofν to
D, i.e.,

Sc = ν

D
(5)

In processes involving simultaneous convective heat
mass transfer, the ratio ofα to D is defined as the Lewi
number, i.e.,

α k Sc

Le =

D
=

ρcpD
=

Pr
(6)
From Eq. (6) it can be seen that the Lewis number is eq
to the ratio of the Schmidt to the Prandtl number and
relevant to simultaneous convective heat and mass tran
The relative rate of growth of the thermal and concentra
boundary layers are determined by the Lewis number.
temperature and concentration profiles will coincide wh
Le = 1.

3. Lewis factor

In addition to the Lewis number,Le, the Lewis factor, or
Lewis relation,Lef , can be defined: it gives an indication
the relative rates of heat and mass transfer in an evapor
process. In some of the literature encountered there se
to be confusion about the definitions of these dimension
numbers and the Lewis factor is often incorrectly referre
as the Lewis number.

The Lewis factor,Lef , is equal to the ratio of the hea
transfer Stanton number,St, to the mass transfer Stanto
number,Stm where

St = Nu

Re Pr
= h

ρucp

(7)

Stm = Sh

Re Sc
= hm

ρu
(8)

whereNu is the Nusselt number, or dimensionless heat fl

andSh is the Sherwood number, or dimensionless mass flux.
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The Lewis factor can be obtained by dividing Eq. (7)
Eq. (8), i.e.,

Lef = St

Stm
= h

ρucp

ρu

hm

= h

cphm

(9)

Lewis [4] tried to prove analytically thatLef = 1 for
gas/liquid systems. In a later article [5] he stated that
relation, Lef = 1, holds approximately for air/water mix
tures but not for all liquid–gas mixtures. Although the pro
given by Lewis was incorrect [6], the ratioh/cphm is today
known as the Lewis factor.

From the Chilton–Colburn analogy power law relation
follows that [17],

St = C Re−1/2Pr−2/3 = h

ρucp

(10)

Stm = C Re−1/2Sc−2/3 = hm

ρu
(11)

It then follows that

Lef = St

Stm
=

(
Pr

Sc

)−2/3

= Le2/3 (12)

Bourillot [7] states that the Lewis number is not const
and is tied to the nature of the vapor–gas mixture. It also
pends on the nature of the boundary layer near the exch
surfaces and the thermodynamic state of the mixture [7
Bosnjakovic [3] pointed out that the mass transfer is not p
portional to the humidity potential, (wsw − w). A corrector
term,F(ξ), is applied to Eq. (12) and the expression forLef

in the Bosnjakovic form is obtained.

Lef = Le2/3 1

F(ξ)
(13)

where

F(ξ) = ln ξ

ξ − 1
and ξ = wsw + d

w + d

whered = Molecular weight of water/Molecular weight of
air = 0.622.

Poppe and Rögener [2] cited that the Lewis factor,Lef ,
is according to the Bosnjakovic form,

Lef = 0.8652/3 1

F(ξ)

= 0.8652/3
[(

wsw + d

w + d
− 1

)/
ln

(
wsw + d

w + d

)]
(14)

where the Lewis number,Le, is assumed constant at 0.86
Bourillot [9] and Grange [8] state that the Lewis factor,Lef ,
for a wet-cooling tower, using Eq. (14), is approximate
0.92.

In his classical work on evaporation Merkel [1] assum
that Lef = 1. Häszler [10] reports that the assumption
Merkel is not correct and that Lewis factors are in the ra
from 0.5 to 1.3. An analysis of both splash and film packin

by Feltzin and Benton [11] indicates that for counterflow
e

towers a Lewis factor of 1.25 is more appropriate. Suth
land [12] used a Lewis factor of 0.9 in his “accurate” tow
analysis.

Häszler [10] states that when the humidity poten
(wsw −w) is large, Eq. (12) is not valid any more.

4. Influence of Lewis factor on cooling tower
performance evaluation

Three different specifications of the Lewis factor are e
ployed in this investigation to determine the effect of
Lewis factor on the performance prediction of natural d
wet-cooling towers. The trends that are observed are app
ble to mechanical draft towers as well. Eq. (13) is employ
which predicts Lewis factors of approximately 0.92, as w
as the limiting values cited by Häszler [10] of 0.5 and 1
The same definition of the Lewis factor is employed in
fill performance analysis and the subsequent cooling to
performance analysis.

The method employed in this investigation to solve
governing heat and mass transfer equations for counter
cooling towers, according to the Poppe [2] method, is
scribed in detail in Kloppers and Kröger [13]. The applic
tion of these equations to cooling tower performance eva
tion can be found in Kloppers and Kröger [14]. Also refer
Kloppers and Kröger [15] where the solution method of
equations for crossflow cooling towers is discussed. As
ready mentioned, the Poppe [2] method is employed to s
the influence of the Lewis factor on cooling tower perf
mance as the Lewis factor can be explicitly specified. Det
of the natural draft cooling tower employed in this ana
sis are given in Kröger [16]. Wet-cooling tower performan
prediction software, developed by the authors, is emplo
in this investigation.

The differences between the results according to the
ferent values of the Lewis factor are investigated at vari
operating conditions. Ambient air temperatures of 280, 2
300 and 310 K are considered. The humidity of the ai
varied from completely dry to saturated conditions at eac
the four selected temperatures. The effect of the Lewis fa
on cooling tower performance can therefore be determ
over a wide range of atmospheric conditions. The graph
results that follow are for ambient temperatures of 280
310 K.

4.1. Heat rejection rate

The heat rejection rates for the different specification
the Lewis factor for dry to saturated atmospheric conditi
at 280 and 310 K, can be seen in Figs. 1(a) and 2(b)
spectively. The higher the Lewis factor, the more hea
rejected. In the natural draft cooling tower at an ambi
temperature of 280 K the differences in heat rejection ra
between the analyses with Lewis factors of 0.5 and 1.3,

approximately 2.4%. The difference is 0.8% at 290 K and
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Fig. 1. The difference between the heat rejection rates predicted by
different values of Lewis factors for varying atmospheric humidities at
and 310 K.

approximately zero at 300 K. At 310 K in very dry cond
tions, the difference is almost 5% where the heat rejec
due to the smaller Lewis factor, is more than that predic
by the higher Lewis factor. When the inlet ambient air is re
tively hot and humid there is virtually no difference betwe
the results as can be seen in Fig. 1(b).

4.2. Water outlet temperature

Because more heat is rejected at higher Lewis factors
corresponding water outlet temperature is lower. The
crepancy between the water outlet temperatures, by app
Lewis factors of 0.5 and 1.3, respectively, is approxima
0.6 K at an ambient temperature of 280 K for all humidit
and at 310 K for very low humidity. This discrepancy is pra
tically zero at 300 K. When the inlet ambient air is relative
hot and humid there is again virtually no difference betw
the results of the different definitions of the Lewis factor
the water outlet temperatures as shown in Fig. 2(b).

When the transfer coefficient, or Merkel number, is
termined during a cooling tower fill performance test,
water outlet temperature is known. In the subsequent coo
tower performance test, the transfer coefficient is known
the water outlet temperature is generally unknown. The

let water temperature can therefore be determined from the
(a)

(b)

Fig. 2. The difference between the water outlet temperatures predicte
three different values of Lewis factors for varying atmospheric humidi
at 280 and 310 K.

known transfer coefficient. If the same method of analys
employed, at the same ambient conditions, in the fill per
mance test and the subsequent cooling tower perform
test, the water outlet temperature must be the same re
less of the method of analysis (i.e., Merkel [1] or Poppe [
that are employed. But it can be seen from Fig. 2 that the
ter outlet temperature is not the same, even though the s
analysis and definitions are employed in the fill performa
test and the subsequent cooling tower performance ana
It is therefore imperative that the cooling tower performa
be evaluated at the same ambient conditions under whic
performance of the fill was tested.

4.3. Water evaporation rate

As can be seen from Fig. 3, the water evaporation
is higher when applying smaller Lewis factors than w
higher ones. Thus, the air becomes saturated more qu
with lower Lewis factors. The discrepancy between the
ter evaporation rates in cooling towers with Lewis factors
0.5 and 1.3, is approximately 15% at 280 K and reduce
6% at 310 K.

Grange [8] shows in a comparative study that the Me

[1] method tends to underestimate the amount of water that
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Fig. 3. The difference between the water evaporation rates predicte
three different values of Lewis factors for varying atmospheric humidi
at 280 and 310 K.

evaporates when compared to the Poppe [2] analysis, bu
the discrepancy decreases with increasing ambient tem
tures. The results of Grange [8] were verified by the auth
It is therefore clear that the influence of the assumptions
definitions of the Merkel and Poppe analyses regarding
Lewis factor, on the results of cooling tower performan
diminishes when the inlet ambient air is relatively hot a
humid.

4.4. Air outlet temperature

From Fig. 4 it can be seen that the higher the Lewis fac
the higher the air outlet temperature. It can be seen from
4(a) that the trends for the predicted air outlet temperatu
according to the different Lewis factors, are not the sa
This is because the outlet air is unsaturated for theLef = 1.3
case below a humidity ratio of approximately 0.0035. F
the other cases in Fig. 4(a) and all the cases in Fig. 4
the outlet air is supersaturated with water vapor. As alre
mentioned, the outlet air becomes saturated more quickl
lower Lewis factors. Refer to Kloppers and Kröger [14] f
a detailed discussion why the trends differ between uns

rated and supersaturated air.
t
-

(a)

(b)

Fig. 4. The difference between the air outlet temperatures predicted by
different values of Lewis factors for varying atmospheric humidities at
and 310 K.

4.5. Discussion on the consistent application of the Lewis
factor

The Lewis factor is consistently applied when the sa
definition or equation of the Lewis factor is employed
the fill performance analysis and in the subsequent c
ing tower performance analysis. The Lewis factor has li
influence on the water outlet temperature and the hea
jected from the cooling tower in very humid ambient air.
dry conditions, at all ambient temperatures considered
differences between the results of the different Lewis f
tors can be quite significant. The rate of water evapora
is strongly dependent on the Lewis factor for both the n
ural draft and mechanical draft towers. This is because
Lewis factor is an indication of the relative rates of heat a
mass transfer in an evaporative process. The Lewis fa
can therefore be tuned to represent the physically meas
evaporation rates and outlet air temperatures more clo
in fill performance analyses. It is therefore important to p
form the fill performance tests in conditions that closely r
resent actual operational conditions, especially if the coo
tower is operated at a very low ambient humidity.

If the fill performance test data is insufficient to acc

rately predicts the Lewis factor of a particular fill, it is rec-
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ommended that the equation of Bosnjakovic be used as
numerical value is approximately 0.92, which is appro
mately the mean between the limiting values of 0.5 and
given by Häszler [10].

4.6. The inconsistent application of the Lewis factor

The analyses of the natural draft cooling towers are
peated with an inconsistent application of the Lewis fac
specification, i.e. the equation of Bosnjakovic [3] is used
the fill performance evaluation, while Lewis factors of 0
and 1.3 are used in the cooling tower performance eva
tion.

The inconsistent application of the Lewis factor results
larger discrepancies than is the case with the consisten
plication of the Lewis factor. The discrepancy between
heat rejection rate is approximately 8% at an ambient t
perature of 280 K. The discrepancy is only 2.4% where
Lewis factors are applied consistently. The discrepancy
duces at higher ambient temperatures to approximately
at 310 K. This is consistent with the conclusion reached
viously, that the influence of the Lewis factor diminishes
higher ambient temperatures. The discrepancy in the w
outlet temperature and air outlet temperature for the na
draft cooling tower, for the inconsistent analysis of the Le
factor, is larger than the consistent application.

5. Conclusion

Exactly the same definition of the Lewis factor must
employed in the fill performance analysis and in the sub
quent cooling tower performance analysis. The fill perf
mance test must be conducted at, or as close as pos
to conditions specified for operation of the cooling tower
which it is intended. The influence of the Lewis factor, on
performance evaluation of wet-cooling towers, diminish
when the inlet ambient air is relatively hot and humid. F
increasing Lewis factors, the heat rejection rate increa
-

,

,

the water outlet temperature decreases and the water e
ration rate decreases.
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