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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-cooling towers
is investigated. The Lewis factor relates the relative rates of heat and mass transfer in wet-cooling towers. The history and development of
the Lewis factor and its application in wet-cooling tower heat and mass transfer analyses are discussed. The relation of the Lewis factor to
the Lewis number is also investigated. The influence of the Lewis factor on the prediction of wet-cooling tower performance is subsequently
investigated. The Poppe heat and mass transfer analysis of evaporative cooling are considered as the Lewis factor can be explicitly specifiec
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 cooling tower
performance analysis, the water outlet temperature will be accurately predicted. The amount of water that evaporates, however, is a functior
of the actual value of the Lewis factor. If the inlet ambient air temperature is relatively high, the influence of the Lewis factor, on tower
performance diminishes. It is very important, in the view of the Lewis factor that any cooling tower fill test be conducted under conditions
that are as close as possible to the conditions specified for cooling tower operating conditions.
0 2005 Elsevier SAS. All rights reserved.
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1. Introduction of the Lewis factor on wet-cooling tower performance can

therefore be critically evaluated under a wide range of ambi-
The Lewis factorLey, appears in the governing equa- ent conditions.

tions of the heat and mass transfer processes (evaporative There is a common misconception among researchers

cooling) in a wet-cooling tower according to Merkel [1] and who refer to the Lewis numbelg, as the Lewis factot.e;.

Poppe and Rogener [2]. Merkel [1] assumed that the Lewis The relation between the Lewis number and the Lewis factor

factor is equal to 1 to simplify the governing equations while is explained.

Poppe and Roégener [2] used the equation of Bosnjakovic [3]

to express the Lewis factor in their more rigorous approach.

This approach is commonly known as the Poppe method and2. L ewis number

will be referred as such in this paper. The analysis of Poppe

[2] is employed in the current investigation as the value of ~ The derivation and significance of the Lewis numihe,

the Lewis factor can be explicitly specified. The influence is explained by its analogy to the derivation of the Prandtl,
Pr, and Schmidtsc, numbers.

_ The rate equation for momentum transfer is given by
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Nomenclature
A AFCA .ttt m v kinematic viscosity .................. Cioa
C coefficient 0 density .......cooiiiii kg3
. i 3 , ,
Ci concentration ... I Dimensionless numbers
cp specific heat at constant pressure -kgJ =K~ )
D diffusion coefficient ................. 1 Le Lewis numberk/(pc, D), or &c/Pr, ore/D
d molecular weight ratie= 0.622 Les Lewis factor./(cphm)
F force ... . N Nu Nusselt number; L/ k
h heat transfer coefficient ......... wW2.K-1 ;; ;rearr]]c‘i)tll dnsurTJtr)T?tr)Cé)M b{ I]j /
P mass transfer coefficient ......... ky 25t yne RuL/i
k thermal conductivity wh~1.K-1 o Schmidt number/(p D)
N lenath lenath N I """" Sh Sherwood numbet,,, L/ D
. eng fllm’ oriength scale kal S Stanton numbe#; /(puc)), or Nu/(RePr)
M massflowrate ....................... kg S, mass transfer Stanton numbky, /(ov)
0 heat transferrate ........................ W or Sh/(Rec)
T time scale i
u VEIOCIY .ottt st Subscripts
w humidity ratio (kg water vapor{kg dry air) % a air
y coordinate i inlet
Greek svmbols m mass transfer, or mean
4 o outlet
o thermal diffusivity,k/ocp «.......... nf-s1 s saturation
w dynamic viscosity .............. kop~1.s71 w water

The rate equation for heat or energy transfer is given by From Eq. (6) it can be seen that the Lewis number is equal

Fourier’s law of heat conduction, to the ratio of the Schmidt to the Prandtl number and is
0 9T (pc,T) relevant to simultaneous convective heat and mass transfer.
A= ay = _aT (2) The relative rate of growth of the thermal and concentration

] o ) boundary layers are determined by the Lewis number. The
The rate equation for mass transfer is given by Fick’s law of temperature and concentration profiles will coincide when

diffusion, i.e., Le=1.
M dci

2 __p%i 3)

A ay

The diffusivitiesv, « andD in Egs. (1)—(3) have dimensions 3. Lewisfactor

of [L?/T], whereL andT refer to the length and time scales

respectively. Any ratio of two of these coefficients will result In addition to the Lewis numbeLe, the Lewis factor, or

in a dimensionless number. In systems undergoing simulta-Lewis relation,Les, can be defined: it gives an indication of
neous convective heat and momentum transfer, the ratio ofthe relative rates of heat and mass transfer in an evaporative
v to o would be of importance and is defined as the Prandtl process. In some of the literature encountered there seems

number, i.e., to be confusion about the definitions of these dimensionless
Voocpn numbers and the Lewis factor is often incorrectly referred to
Pr=—=-- 4) as the Lewis number.

The Lewis factorLey, is equal to the ratio of the heat
transfer Stanton numbe&, to the mass transfer Stanton
number,s,, where

In processes involving simultaneous momentum and mass
transfer the Schmidt number is defined as the ratio td

D,ie.,

-2 Nu h

RePr  pucp
In processes involving simultaneous convective heat and h h
mass transfer, the ratio of to D is defined as the Lewis &,,=——=—"> (8)
number, i.e., ReSc  pu
o k Sc whereNu is the Nusselt number, or dimensionless heat flux,
L
e=— =

D pc,D  Pr ®) andShis the Sherwood number, or dimensionless mass flux.
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The Lewis factor can be obtained by dividing Eq. (7) by
Eq. (8), i.e.,

S

h pu  h
S, pucy hy  cphy

©)

Lef =

Lewis [4] tried to prove analytically thates = 1 for

gas/liquid systems. In a later article [5] he stated that the

relation, Le; = 1, holds approximately for air/water mix-
tures but not for all liquid—gas mixtures. Although the proof
given by Lewis was incorrect [6], the ratig/c,h,, is today
known as the Lewis factor.

From the Chilton—Colburn analogy power law relations it
follows that [17],

S=C Re_l/ZPr_2/3 = /07 (10)
p
h
R, = CRe Y228 = p—’Z (11)
It then follows that
St Pr\ %3
Ley= o= (S_’> — Le?/3 (12)
m c

Bourillot [7] states that the Lewis number is not constant
and is tied to the nature of the vapor—
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towers a Lewis factor of 1.25 is more appropriate. Suther-
land [12] used a Lewis factor of 0.9 in his “accurate” tower
analysis.

Hészler [10] states that when the humidity potential
(wsw —w) is large, Eq. (12) is not valid any more.

4. Influence of Lewisfactor on cooling tower
performance evaluation

Three different specifications of the Lewis factor are em-
ployed in this investigation to determine the effect of the
Lewis factor on the performance prediction of natural draft
wet-cooling towers. The trends that are observed are applica-
ble to mechanical draft towers as well. Eq. (13) is employed,
which predicts Lewis factors of approximately 0.92, as well
as the limiting values cited by Haszler [10] of 0.5 and 1.3.
The same definition of the Lewis factor is employed in the
fill performance analysis and the subsequent cooling tower
performance analysis.

The method employed in this investigation to solve the
governing heat and mass transfer equations for counterflow
cooling towers, according to the Poppe [2] method, is de-
scribed in detail in Kloppers and Kroger [13]. The applica-

gas mixture. It also de- o of these equations to cooling tower performance evalua-

pends on the nature of the boundary layer near the exchanggj,, can he found in Kloppers and Kréger [14]. Also refer to
surfaces and the thermodynamic state of the mixture [7,8]. Kloppers and Kroger [15] where the solution method of the

Bosnjakovic [3] pointed out that the mass transfer is not pro-

portional to the humidity potentialu(sw — w). A corrector
term, F(£), is applied to Eqg. (12) and the expressionlfey
in the Bosnjakovic form is obtained.

2t
Le; = L€ G (13)
where
Fe)= "5 ang ¢ Votd
E-1 w+d

whered = Molecular weight of watefMolecular weight of
air=0.622.

Poppe and Rogener [2] cited that the Lewis fackar;,
is according to the Bosnjakovic form,

1
F(&)

=0.8652/3[<u:)W7_’j . 1>/m<w;w++dd)} (14)

where the Lewis numbel,g, is assumed constant at 0.865.
Bourillot [9] and Grange [8] state that the Lewis factiog,,

for a wet-cooling tower, using Eq. (14), is approximately
0.92.

Le; = 0.865/3

equations for crossflow cooling towers is discussed. As al-
ready mentioned, the Poppe [2] method is employed to study
the influence of the Lewis factor on cooling tower perfor-
mance as the Lewis factor can be explicitly specified. Details
of the natural draft cooling tower employed in this analy-
sis are given in Krdger [16]. Wet-cooling tower performance
prediction software, developed by the authors, is employed
in this investigation.

The differences between the results according to the dif-
ferent values of the Lewis factor are investigated at various
operating conditions. Ambient air temperatures of 280, 290,
300 and 310 K are considered. The humidity of the air is
varied from completely dry to saturated conditions at each of
the four selected temperatures. The effect of the Lewis factor
on cooling tower performance can therefore be determined
over a wide range of atmospheric conditions. The graphical
results that follow are for ambient temperatures of 280 and
310 K.

4.1. Heat rejection rate
The heat rejection rates for the different specifications of

the Lewis factor for dry to saturated atmospheric conditions
at 280 and 310 K, can be seen in Figs. 1(a) and 2(b), re-

In his classical work on evaporation Merkel [1] assumed spectively. The higher the Lewis factor, the more heat is

that Le; = 1. Haszler [10] reports that the assumption of rejected. In the natural draft cooling tower at an ambient
Merkel is not correct and that Lewis factors are in the range temperature of 280 K the differences in heat rejection rates,
from 0.5 to 1.3. An analysis of both splash and film packings between the analyses with Lewis factors of 0.5 and 1.3, are
by Feltzin and Benton [11] indicates that for counterflow 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 three
different values of Lewis factors for varying atmospheric humidities at 280
and 310 K.

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

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

known transfer coefficient. If the same method of analysis is
employed, at the same ambient conditions, in the fill perfor-
mance test and the subsequent cooling tower performance
test, the water outlet temperature must be the same regard-
less of the method of analysis (i.e., Merkel [1] or Poppe [2])
that are employed. But it can be seen from Fig. 2 that the wa-
ter outlet temperature is not the same, even though the same
analysis and definitions are employed in the fill performance

Because more heat is rejected at higher Lewis factors, thetest and the subsequent cooling tower performance analysis.
corresponding water outlet temperature is lower. The dis- It is therefore imperative that the cooling tower performance
crepancy between the water outlet temperatures, by applyingP€ evaluated at the same ambient conditions under which the
Lewis factors of 0.5 and 1.3, respectively, is approximately Performance of the fill was tested.

0.6 K at an ambient temperature of 280 K for all humidities

and at 310 K for very low humidity. This discrepancy is prac- 4.3. Water evaporation rate

tically zero at 300 K. When the inlet ambient air is relatively

hot and humid there is again virtually no difference between  As can be seen from Fig. 3, the water evaporation rate
the results of the different definitions of the Lewis factor for is higher when applying smaller Lewis factors than with
the water outlet temperatures as shown in Fig. 2(b). higher ones. Thus, the air becomes saturated more quickly

When the transfer coefficient, or Merkel number, is de- with lower Lewis factors. The discrepancy between the wa-
termined during a cooling tower fill performance test, the ter evaporation rates in cooling towers with Lewis factors of
water outlet temperature is known. In the subsequent cooling0.5 and 1.3, is approximately 15% at 280 K and reduces to
tower performance test, the transfer coefficient is known and 6% at 310 K.
the water outlet temperature is generally unknown. The out-  Grange [8] shows in a comparative study that the Merkel
let water temperature can therefore be determined from the[1] method tends to underestimate the amount of water that

4.2. \\ater outlet temperature
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Fig. 3. The difference between the water evaporation rates predicted by Fig. 4. The difference between the air outlet temperatures predicted by three

three different values of Lewis factors for varying atmospheric humidities different values of Lewis factors for varying atmospheric humidities at 280
at 280 and 310 K. and 310 K.

evaporates when compared to the Poppe [2] analysis, but tha -5. Discussion on the consistentt application of the Leas
the discrepancy decreases with increasing ambient tempera-ac'[Or

tures. The results of Grange [8] were verified by the authors. . ) . ]

Itis therefore clear that the influence of the assumptions and The Lewis facto_r IS conS|stentIy applledlwhen the same
definitions of the Merkel and Poppe analyses regarding the d€finition or equation of the Lewis factor is employed in
Lewis factor, on the results of cooling tower performance, Fhe fill performance analysis .and in the §ubsequent C,°°|'
diminishes when the inlet ambient air is relatively hot and N9 tower performance analysis. The Lewis factor has little
humid. influence on the water outlet temperature and the heat re-

jected from the cooling tower in very humid ambient air. In
dry conditions, at all ambient temperatures considered, the
differences between the results of the different Lewis fac-
tors can be quite significant. The rate of water evaporation
From Fig. 4 it can be seen that the higher the Lewis factor, is strongly dependent on the Lewis factor for both the nat-
the higher the air outlet temperature. It can be seen from Fig.ural draft and mechanical draft towers. This is because the
4(a) that the trends for the predicted air outlet temperatures,Lewis factor is an indication of the relative rates of heat and
according to the different Lewis factors, are not the same. mass transfer in an evaporative process. The Lewis factor
This is because the outlet air is unsaturated fot#e= 1.3 can therefore be tuned to represent the physically measured
case below a humidity ratio of approximately 0.0035. For evaporation rates and outlet air temperatures more closely
the other cases in Fig. 4(a) and all the cases in Fig. 4(b), in fill performance analyses. It is therefore important to per-
the outlet air is supersaturated with water vapor. As already form the fill performance tests in conditions that closely rep-
mentioned, the outlet air becomes saturated more quickly forresent actual operational conditions, especially if the cooling
lower Lewis factors. Refer to Kloppers and Kroger [14] for tower is operated at a very low ambient humidity.
a detailed discussion why the trends differ between unsatu- If the fill performance test data is insufficient to accu-
rated and supersaturated air. rately predicts the Lewis factor of a particular fill, it is rec-

4.4. Air outlet temperature
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ommended that the equation of Bosnhjakovic be used as thethe water outlet temperature decreases and the water evapo-
numerical value is approximately 0.92, which is approxi- ration rate decreases.
mately the mean between the limiting values of 0.5 and 1.3
given by Haszler [10].
References
4.6. Theinconsistent application of the Lewis factor
[1] F. Merkel, Verdunstungskuhlung, VDI-Zeitchrift 70 (1925) 123-128.

. [2] M. Poppe, H. Rogener, Berechnung von Riickkihlwerken, VDI-
The analyses of the natural draft cooling towers are re- Warmeatlas (1991), Mi 1-Mi 15.

peated with an inconsistent application of the Lewis factor [3] F. Bosnjakovic, Technische Thermodinamik, Theodor Steinkopf,
specification, i.e. the equation of Bosnjakovic [3] is used in Dresden, 1965.
the fill performance evaluation, while Lewis factors of 0.5 [4] W.K. Lewis, The evaporation of a liquid into a gas, Trans. ASME 44

; - _ (1922) 325-340.
E‘gg 1.3 are used in the cooling tower performance evalua [5] W.K. Lewis, The evaporation of a liquid into a gas—A correction, Me-

) . o . . chanical Engrg. 55 (1933) 567-573.
The inconsistent application of the Lewis factor results in  [6] A.A. Dreyer, Analysis of evaporative coolers and condensers, M.Eng.

larger discrepancies than is the case with the consistent ap-  thesis, University of Stellenbosch, Stellenbosch, South Africa, 1988.
plication of the Lewis factor. The discrepancy between the [7] C. Bourillot, On the hypothesis of calculating the water flowrate evap-
heat rejection rate is approximately 8% at an ambient tem- orated in a wet cooling tower, EPRI Report CS-3144-SR, August 1983.

. . [8] J.L. Grange, Calculating the evaporated water flow in a wet cooling
0
perature of 280 K. The dlscrepancy 1S Only 2.4% where the tower, Paper presented at the 9th IAHR Cooling Tower and Spraying

Lewis factors are applied consistently. The discrepancy re- Pond Symposium, von Karman Institute, Brussels, Belgium, Septem-
duces at higher ambient temperatures to approximately 2%  ber 1994.

at 310 K. This is consistent with the conclusion reached pre- [9] C. Bourillot, TEFERI, _numericgl model for calculating the perfor-
viously, that the influence of the Lewis factor diminishes at mance of an evaporative cooling tower, EPRI Report CS-3212-SR,

high bi he di in th August 1983.
igher ambient temperatures. The discrepancy in the Water[10] R. Haszler, Einflusz von Kondensation in der Grenzschicht auf

outlet temperature and air outlet temperature for the natural  die Wérme- und Stoffiibertragung an einem Rieselfilm, Fortschritt-
draft cooling tower, for the inconsistent analysis of the Lewis Berichte VDI 3 (615) (1999).

factor, is larger than the consistent application. [11] A.E. Feltzin, D. Benton, A more exact representation of cooling tower
theory, Cooling Tower Instit. J. 12 (2) (1991) 8-26.

[12] J.W. Sutherland, Analysis of mechanical-draught counterflow

air/water cooling towers, Trans. ASME J. Heat Transfer 105 (1983)

5. Conclusion 576-583.
[13] J.C. Kloppers, D.G. Kroger, A critical investigation into the heat and
Exactly the same definition of the Lewis factor must be mass transfer analysis of counterflow wet-cooling towers, Internat. J.

. . . ] Heat Mass Transfer 48 (3—4) (2005) 765-777.
employed in the fill performance analysis and in the subse- [14] j.c. kioppers, D.G. Kroger, Cooling tower performance evaluation:

guent cooling tower performance analysis. The fill perfor- Merkel, Poppe and e-NTU methods of analysis, Trans. ASME J. En-
mance test must be conducted at, or as close as possible, grg. Gas Turbines Power 27 (1) (2005) 1~7.
to conditions specified for operation of the cooling tower for [15] J.C. Kloppers, D.G. Krdger, A critical investigation into the heat and

B . . mass transfer analysis of crossflow wet-cooling towers, Numer. Heat
which itis intended. T.he influence of Fhe Lewis fact.or,'o.n the Transfer A Appl. 46 (8) (2004) 785-806.
performance evaluation of wet-cooling towers, diminishes [16] p.G. kréger, Air-Cooled Heat Exchangers and Cooling Towers,

when the inlet ambient air is relatively hot and humid. For PennWell, Tulsa, Oklahoma, 2004.
increasing Lewis factors, the heat rejection rate increases,[17] A.F. Mills, Basic Heat and Mass Transfer, Irwin, Chicago, 1995.



