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_the’ heat supphed by t.be heater) is
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pared to the absolute & +
transfer coefficient hp will have an mlenhwl magmwde in
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Table 1.... Mass Diffusivities for Gases in Air

(Gases at 77 F ond 1 otw)

Equations 2a, 2b, and 2¢. As the property vmat.mns
however, the value of the coefficients will diverge.

Since the water vapor transferred to the dir stream musL

be supplied with its latent heat of vaporization (hy,), the heat
fiux between the liquid and the interface (and eonsequenﬂy,

WA =qlA (nx.}A)h,.

or

Furthermore

.. o e/A - hi(tl. - &) o (_4)
where - : i
q-hatu:nsfermwbetwemhquldmdmwfnce Btupu
hour. -+ ...

by = enu:.alpy of evapomuon (infant heat of vnpom )}

4 Btu per pound. .- TR

Ay = heat transfer coefficient for the hqlud nde, Bw per (hour)

* (square foot) (Fahrenheit degne) .

.If the flow conditions arespeclﬁed 80 ﬂmt the best
transfer -cvefficients can be predicted, and the mr straun
pmperuas and pan water are given,

1, 2, 3, and 4 can be solved stmultaneou&ly to find: (1) the

mh-_r[aoe saturation smte, (2) the mass transfer mte (3) the

heat transfer to the air,'and (4) the total heat f.musfer sup-

plied to the water by t.he heater
In the p the

- ofA =M =) + ho(p.. = ol (€3

. "Gas D, in ¢q ft per hr
.. Amimonia 1.08
Benzene 0.34
. Carbon Dioxide .-0.64.
1] '0.46
160"
) 0.80 -+
A 0.99
m,/A-= — D.(dp./dy) (5a)
'."'l./A'_='”— BD-(dc'-v./dv) (5b)
o vl./A = (D-/R-T)(dp-/dv) - (5¢)
'l‘hemmu.smgn p ; the’ ion gradi

is' fiegative in the direction of diffusion. The qua.nhty D, is
known as the mass diffusivity or the diffusion coéfficient and
is a property of the gas mixture. Since the miss flux (r./4)
is expressed in pounds per (hour) (square foot) and the partial
density’ () in pounds- per cubic foot, in' the English system
of umfa, ‘the, umfa of D, for Equation’ 5a must be *

,,[lb per (BN)(E) | [(10 per ) (t1)] = ft’/ﬁr

The Dlﬁuswn Coefficient - e

Extensive gas kinetic calculatmns‘ show that D, depend.s
only :slightly on the of the: in the

smmmdthewntermbhepan ined cons
out the entire process. However, | in many, p o
in the counterflow’ wohng ﬁower -the air and water lemper—
stures vary throughout the process, with resultant vnmhons
in the interface state. Equ.a.tmnsl 2, 3, and 4 éan be'used to
determine the total transfer in a step-by-step procedure, solv-
ing in each step for the interface state and the transfer rates;
and then summing or mtegrafang over each step to obtain
the total transfer.

However, a simpler method is available and is more com-
monly used. Before developing this method, it is desirable to
discuss the two means by which mass transfer or diffusion
may occur: (1) molecnlar dxﬁ'us:nn, md (2) convechve or
eddy diffusion.

MOLECULAR pIFFUSION o

Consider a quantity, of air m a smiall closed oonmner whele
the air at one end has been’ alight
perature gradient m,the air,

will soo! unmultofﬁ)epassmgof
energy by s mndom nnxmg of the air molecules. This is the
familiar, process of heat oonductxon ina ga.s. Assume ﬂmt

container which is again isolated. After some tim
vapor wxll be equally distributed duoughout the, Air

ts. This mass process ia
lmown as molecular dxﬁusum "The equxuons govemmg this

" process are analogous to t.hom for,heat oonr.luctlon

‘ ‘uv:fx:r*'f

Basic Equation

The basic equation for molecular diffusion is usually re-
ferred to'as Fick’s Iaw and canbe ‘derived fmm the prmmplm
of the kinetic theory of gam D di upon the par
chosen- for the driving pot Sional
fusion rate per unit area i
transfer surface)'is expressed a5 =

¢ container is isolated, the

I

A

, that itis i ly proportional-to the pressure, and
that .with temperature its increase ‘is proportional to T*s,
where n has a.value between 0.5 and- 1. The equations for
diffusion coefficients in gases, derived by several investigators
from.kinetic tbeory models, may ali:be expmsed by Equa-
L\on 6.2 - .

" po=b . IO e
P Prlowa® +ous™ Y Mi T Ms

where

. b= awnsunt.
-Pr = total pressure, almmpbems.

MA,M.-nmlecuhrwzxghuofﬁmtwommme-

. .. ture, pounds per pound mol. .

wu, sus = molecular volumes of thtwo gaau in v.be lmxture.

Cne cubn: l‘eetpcrpound mol. (See Re{e:eneszforn

table 1o compute these values.)

-Upon noting that several theories agreed on this form, Gilli-

land evaluated: the constant & empirically by plotting the re-

siilts-of some 400 expenmental detenmnahons ’l‘he :sultmg
value was .

b -00069

The princi of Equation 6 isthe t
function 7"+, since D, is more nearly pmporhona.l to T
Where expemnenhl d:stn are .wmla.ble for Dy, they should be

ferred to the on 6."A few expe:l-
menh.l values for diffusion of some common gases in air ar®
given in Table 1.
References 2, 3, and 4.

Olpuhcuhrmtemstm theurcondlhonmgen@nw)sﬂm
mass diffusivity of water vapor in air. Analysing the available

data, Spalding found that, up to a temperature of 2000 F, the

mass diffusivity of water vapor in air may be expressed as.

0.000146 s
Do =Ty @

More exbenswe tables are available in

. where sll’
Equaknn

_WW) » times the

Masé Trarsfer - =

qumh asmexpressedmf.hesameumtsasm

Anulogy 1o Conduction 'Heat Transfer
-"‘Molecalar diffusion is du-ectly zum.loguus ‘to: éonduction
heat transfér:'Both phedomens aré g result of fandom molecu-
mmngmasugnmtﬂuld orin a fluid’ mlanunar(strum-
line) flow. In each case the equation governing the process can
be expressed in thé form!
Flux = diffusivity X ooneentnt.lon gradient

For a two-component gaseous system (e.g., water vapor and

- gir) in which’ the density of the gas p and the specific heat ¢,

are constant,” Equations 8 and 9 may be written for the
ﬂuxa uf mass and ene:gy in one-dunensmml sysmms_ .

C /A == D. = (h) (Flck'u law for conshnt p) 3)

oA = “Ty"’ - _"E (e T)
(Fourier’s law for consun'. pc.) )
swohere '
k = thermal eonductlwty, Btu per (bour) (square - foot)
(Fabmnhﬂt degree per foot). .
. a = thermal diffusivity, square feet per hour. . . - [
¢, = specific heat at constant pressure, Btu per. (pound)
(Fa.hrmhmt degree).

Equation 8 states that mass transfer occurs "because there
isa in mass , and the mass flux equals
the mass diffusivity D, times the mass concentration gradxent
Fqunhon 9 states that. heat transfer occurs’ because there is
a in energy ion, and the heat flux equals
the thermal Muﬂm‘v a(= k/pc,) times the energy concen&mr
tion gradient. -
ﬂo'l‘he equation for thie viscous shas.r {oree in one-dlmenmona.l

W iy

( V-)

or g E
[N - .
: P = — 'd_y‘(PV’) (10)
where
s = visoous zhear force in the yr plane, pounda foree per
aquare foot.
7= grsvnhhnnal weelerauon =417 X 106 (pounda forcee)
" (feet) pev (pound thass) (hour) (hour). s
a = absolute viscosity, pounds per foot-hour. ;

V.fbmlvebcxtyo{gxsmu:ezd:muonpmﬂlel&othe
mdusurfwe l'eet.pethour

» = kin

(Newk%"a law .ﬁ;r cc‘u_uhnt °)

feet per hour, %o e nqmm
Equahon 10 stafa thnt momentum tmnsfer occurs because
0, and them
(um fux (gr,.) Eq“ﬂls the diffusizity «(k v

It is important to note that the mass, thermal, and momen-
gl; diffusivities all have the game units (ft? per hf) and that
oy concentration gradiénts are linear for a uniform medium
MMY state. If, under a.fortunate _circumstance, these

usivities all had the same namerical vn!ue, the concentra-

tion gradients would be identical. That is, if & fluid were in
steady one-dimensional lammu ¢ oV burfacé-mich that

W
Dy=a=y, the partial | pxesure &n’i‘ﬁ'e}nhxre,’ and velocity
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profiles would all be identical in form. This is true if p and ¢,
are essentially constant thmu&h the fluid field and the dif-
fusivities are identical. Stated in‘terms of dimensionless pa-
rameters the condition is

—-( ) -F

Nh"l

Nr. = Praodtl sumber = 5. dim‘nsionlm_.
N5 = Schmidt number —--T ' dxmenmonleu
»D,
‘Where the Pmndtl number (N p,= c,.u/k) equa.ls the Sehmidt

number (Na;-B/PD.), the temperature and partial pressure
profiles are identical: and if; in addition, both &ré unity; these

Q\HEAT‘ - | F B

tet a0, |

i .. JINTERFACE, b e
Simitority of pertiol m temperihire] cnd velocity pmﬁt..
fig. 2.

proﬁles are the same a8 the velocity profile. This condition

Lommcr Boundnry lnyer ona Flnt Surface ’ ”

is illustrated in Fig. 2-for a gas B diffusing from a stationary
boundary into a gas Ai in one-dimensional steady fow past the
boundary. For air and water vapor at normal room conditions
the Prandt! number is 0.71 and the Schmidt number is 0.60, a
eondltlon surpnsmgly close to t.hat. posmla.bed.

Equnmolal Counterdlfﬁ:snon e
Conmder a mlxhue ‘of air and wahar vapor ina closed con-

tainer in equilibrium at all points throughout thé ‘container
so'.hatthewta.lpr&ure (lnpound: fmpaaquaefoo{)m
Pyand.the
exists through. the mixture so thntt.heparhal pressure p, of
the water vapor is as shown in Fig. 3. It is assumed here that

a

- ~PARTIAL PRESSURE OF AIR OR WATIA “varoR




