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=31,600, only 1.9 percent. Consequently, the vatues of f/2
at high Reynolds number, obtained by difference, are subject
to considerable error.

In Fig. 10 some dats on the evaporation of water ‘into air
for single spheres are presented. The solid line, which best
represents these data, ls in quite good, agreement with the
dashed line McAdams. lation for heat
transfer to sphem. It is not possible to compare these results

* with 'friction or momentum transfer, since the breakdown of
total drag into skin,friction and nonna.l pressure drag has not
been' made The apphcatmn of these dsta to air-water con-
tacting devices such 2s air washers and spray. eooh.ng towers
is well substantiated.

In summary, the eqnahty of ja, jp, and f/2 for certain
streamline shapes at low ‘mass transfer rates has excellent
experimental verification. For flow past bluff objects, jz and
jp are much smaller than f/2, based on total pressure drag.
The heat and mass transfer are, however, still related in a use-
ful way by equating jz and jp.

Ezam 2. Using solid nders of volatile solids (e.
ey, s At i o o e

an rew® fo t the ratio
tween_the heat and mass transfer coefficients could be closely
correlated by the relation
h/ehp = 0. 294(u/pD.)""
For eompleml?' dry &ir at 70 F ﬂowmg at a velocity of 31 fps
d = 0.300 in., deter-

-mme th.c heat and mass trms{ur cocflicicnts fmm Fig. 9 n.nd com-
pme their ratio with the Bedingfield-Drew relation.

' Solution: For dry sirat 70 F, p = 0.075 Ib percu ft, g

- Ib per (ft) (hr), E = 0.0150 Beu Fer (hr) (i) (F deg per ﬁ.),
c,-OZ'ﬂ)SBtuper(lh)(Fdeg) on7 b, =0
8q ft per br. Therefore

Ng, = pVd/x = 0.075(3113600)(0.300)/12(0. 0441) =475

No' = eyu/k = (0. ‘7398)(0 0441)/0 0150 =0. 706

Ns. = p/pDy = 0.0441/0.075(0:071) = 0.605 -

From Fig. 9 at Nz, = 475, jg = jp = 0.025 and
b = japc, Va/(Np)¥? !
A= (0 025)(0.075)(0.2398)(31)(3600) /(0. 706)"’ ’
= §3.3 Btu per (hr)(sq ft)(F deg) . L.
ho = jpVa/(N )t = (0. 025)(31)(3600)/(0 505)”’ .-
= 3900 ft.per hr :
h/ehp = 63.3/3900(0.075) = 0.216 Biu- per (lb)(F deg) s
From the Bedingfield and Drew relation
h/pnn = 0. 294(0 605)‘-‘ = 0.222 Btu per (lb)(F deg)
Note further tha Ids analogy.
el i alurigler P ey 1 OB R W
agreement here dueto the fact '.hat. the ratio Ns./Np is, 0605
/0.706 or 0.85 , so that the e: nent of these numbers has little
effect on the ratio of the traster coefficients.

The Lewis Relation

The expenmental ven.ﬁcatmn of the smulanty relnh ns
pmented in the preceding section suggests that the heat
and mass transfer coefficients are satisfactorily related, at the .
same Reynolds number, by equa.tmg the C!nlton—Colbum
H tnrs. This leads to .

T (°'")"’
or
~h.,f.c, A (n. o

The qua.uhty a/D. is c&lled the Lewis number Nu Iu
relative rates of p of .energy.
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and mass within a system It is fairly insensitive to tempera-
ture variation. For air and water vapor mixtures the ratio is
(0.60/0.71) or- &845 and (0.845)¥* is 0.894.- Furthermore, at
low diffusion rates, where the heat-mass transfer analogy is
valid, the. ratio, (Pum/Py) is essentially unity. Therefore, for
air and water Vapor. mixtures, we can set -
-

hopcy,

That is, the ratio of the heat transfer coefficient to the masy
transfer coefficient is equal to the specific heat per unit volume
at of the mi This relation, first de-
rived by W. K. Lewis," is usually called the Lewis relation.

It is important to recognize that this relation is fortuitously
very narly true for air and water vapor at low mass transfer
rates. It is not, in general, true for other gas mixtures because
the ratio of therma.l to_vapor diffusivity, N L., is usually dif-
ferent from umcy Another interesting point which deserves
attention here is that the reading of a wet-bulb thermometer
owes its xmportanec to the validity of the Lewis relation. That

wet-bulb perature and adi
mtumtaon temperature is a direct result of the nearness of
Lewis number to unity for air and water vapor.

The Lewis relation is valid in turbulent flow whether or not
the ratio of a/D, equals 1. This follows from the fact that the
eddy diffusion process” in turbulent flow involves the same
macroscopic mixing action for heat exchange as for mass ex-
change, and this action completely overwhelms any molecular
dlﬂuxmn process. The deviations from the Lewis relation are,

=1 @

fore, due to the of a laminar boundary layer
as in Fig. 2, orhlx.mmarmblayamdbuﬁ’umneasm Fig. 6
wherein P yens are the controlling
factor. .

SIMULTANEOUS HEAT AND MASS TRANSFER
BETWEEN WATER-WETTED SURFACES AND AIR

AS stated in the section Fundamental Pnnmples a sunplx-
fied method is commonly used for solving problems involving
simultaneous heat and mass transfer. This method, which is
developed by use of the Lewis relation, gives satisfactory
results for most air-conditioning processes. It should be
noted, however, that extrapolation to very high mass transfer;
rates, where the simple heat-mass transfer analogy is not
valid, probably will lead: to erroneous results.

Enthalpy Potential

‘The qumhty usunlly used to exprms the water vapor con~
oentmt.lon in t.he air is the humidity ratio. W, deﬁned as
. W= me/me = pu/oa

" It is,. therefore, convenient w define a mass transfer ooeﬁ-

cient usmg W as the driving potential, hence

m/A = Ko(W: — W.) (31)
whére the” coeflicient Kp has the units pounds per (hour)
(square foot).. Umng the definition of W and' noting that for
dilute_mixtures po;2pas (i., the pa.rtu;l meass density of dry,
air changes.only by'a small pereentage between interface and
free st.ream conditions), it is pe:m:mble to write

/A = — (p-a - p--)

twhere pom i the mean densxty of dry air, pounds per cubic foot.
Companng this equatlon with Equauon 23 shows that
"k = Kb/ Pam
The humid specific heat c,m of the air stmnm is, by deﬁmtmn

- where ' co ‘.

Mass Transfer - =

oo

=-(1 4+ W.)c, Btu per (F deg)(@ of dry air) -

or

=(p/pea)Cs
Substituting from t.hwe Iatter expressions into the Lewis
relation (Fquatmn 30) gives

Mo g P )
Kppastom K pCym

ue to the small change in dry-air dmmty
%nue:gp;-£ t:-iansfer coeficient wlt.hngheumxdxty ratio n.s the
driving force, the Lewis relation becomes: ratio of, heat
to mass transfer coefficient equals humid specific heat.! .
For the pan humidifier iltustrated in Fig. 1, it has’ been
shown that the total heat transfer from the llquld (o the
interface is . i '
/A = q./4 + (rh./A)h/. :

Utilising the definitions of the transfer coefficients,
T g/A =kt — 1) + En(We — Wby, !
Assuming the Lewis relation (Equation 32)to be valxd gives
q/4 = KD[C—(‘& -t + (We- Wobe] | 33)
The enthalpy of the air is, by definition - :
‘h = cpet + Wh, (Btu per.1b dry air)

b = enthalpy of air, Btu per pound. -
b, = enthalpy of wawr‘vapor, Btu per pound. ‘

'I'he enthalpy of the water vapor b, may, by the perfect gas
Iaw be expressed as .
h. = cylt — i.) +hy,,
where the base of enthalpy is taken as d water st teri-
perature t,. Chooang te=.0 F to eorrespond with the base of
the dry-air enthalpy gives

b = (e + Weplt + Whyys = Gt + Why  (39)
Comparing Equations 33 and 34, it is obvious that if small
changes in the latent heat of vaporization of water with tem-
perature are neglected, the total heat transfer can be written

q/A —Kn(h-—h-) R )

Thus, the dnvmg potential for heat tnmsfer is
lempera'.ure difference and the driving .potential for mass
transfer is mass tration or partial: p the drw'mg
potmhalfornmul!mwoua tmmja'ojlwalandnmmanmr
waler-vapor mirdure is enthalpy. | .

Basic’ Equahons for Dwed-Con dact Equlpmenf

Au-condxhomng equipment may be chmﬁed according to
whether there is direct contact between water used as a cool-
ing or heatinig fluid and air, or whether the heating or cooling
fluid is separated from the air stream by, a-solid: walL. Ex-
amples of the former are: air washers. and. ooolmg towers,
whereas the most common example of the latter is a direct
expansion refrigerant (or water) cooling and- dehumidifying
coil. It should be noted that in both cases the air stream is in
contact with a water surface. The term direct conlact implies
that the contact is directly with the, cooling (or heating)
Buid. In the dehumidifying coil the contact is directly w10.h the
condensate removed from-the air stream;: but-indi with

< Fig. 11 ... Air Washer Sproy G’mmber

area A, and lengt.hl('ﬁg ll),t.hesteadymas ﬁowmwof
dryaxr s ; .
-W-/Au,=0¢)< A ,
and the ‘mass flow rate of water ﬂowmg parallel with the air
8
L. i wx./A‘. =Go _
where .
'10. mmﬂowrnteolur, poundaperhour
) masa veloeity, or flow rate per unit cmss-au:hona.l uas,
-for air, pounds pet (bhour) {square foot). .
tr = mass flow raté of liquid, pounds per houir.
@ = mass veldcity, or flow rate per unit cross-sectional ares, -
for liquid, pounds per (kour) (squa.re foot).

Since water is 0 densing, G, ch by an
m:nount d@rina dxﬂ'erentml kngth dl of the chamber, Similar
oceur in temp humidity ra'.xo, entbalpy,

and other pmpertm

Because it is d.lﬂicult w evaluate true surface area in direct
contact equi tice is to work on a unit
volume basis. If-ag and aur represent the square feet of heat
transfer and mass transfer surface per cubic foot of chamber
volunie, respectively, the total eurface areas for*hmh "and
masa h-anxfer are then

An = auA‘.l and Au - auA..l

The basic equnuons for the process occurring in the differ-

ential length dl may be written for:
(1) Mass Tranater )
— dGy = GdW = Kpau(W: — W)dl (36)

That is,- thewaﬁerev;pomhed,themomﬁncmcmaealthem,
auddnmammnxfermtemallequxl_

@ Heat Transfer to the Air
Gutyadle = hotnlti — t)dl @7
3) TotalEneryTrms!erwcheAxr
a.(c,.dt. + byedW) : _
= [Koou(We — Wby, + heoi(ts ~ &)]dI (38a) °

Au.hownmt.hepmedmgsecuun,ammmgaa-a.,hlu-l
and small in byy 3Samduoesto

" Gudb = Kpow(h: '~ b)dl I (38b)
Note! Themumpuonumthebeuandmmmnsfum

the refrigerant flowing inside’the tubes of the coil. The' in-
ability to evaluate surface areas in direct-contal
ia the principal reason for treating the

For the direct-contact spray ch

are identical (az = aar) is us: uite valid for spray chambers.
(az = o) is usually g slaf.s, Mm

In equipment where packing materials (e.
ringp, etc.) are used, however, there may %e

ence in the t womdunmnonumformwemngofthn)pachng
The validity of the Lewis relati aly

pr Toa‘w:npttoweountfnrthzvuyamaﬂchmgum




