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ABSTRACT'

Numerical solutions to the diffusion-convection equations are obtained

-with a digital. computer to ebtablish the role of concentration level of the non-

diffusing species in non-equivolume diffusion in fully developed turbulent flow

?f'.of gases in pipes. Results indicate that under ordinary mass transfer rates
~for a systen at constant Schmidt and Reynolds numbers product of the gas-phase

' n}mass transfer coefficient and the log mean partial pressure of the‘nondiffusing gas 1is

nearly constant both in the mass transfer entry region and in the fully developed

reglon. These results are compared with the experimental data on vaporization

and absorption processes.

We show that the effect of the mass transfer section length on the rate

;‘4f“ of turbulent mass transfér is quite significant. Furthermore, the'results of

- the, dlffusion—nconvectlon analy51s are in better agreement w1th experlmental data

for sections of finite length than results calculated from the momentum-mass

 transfer analogy. The two methods agree in the limit for tubes of infinite

" length.

. | _
Present address: Department of Chemlcal Engineering, Illinois Institute of -

'TeehnOWOgy, Chicago, Illinois._n'f
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- INTRODUCTION
In many chemical engineering processes such as: evaporation, humidifica-

- 'tion, partial condensationm, absorptiop, and desorption the mass transfer process . .

. IVg ‘consists of the diffusion of a solute through a non-diffusing gas stream. The

'i role of the concentration of the non-diffusing gas in the rate of transfer of

" solute by pure molecular diffusion has been well established by Stefan (16) and

". Maxwell (11) in the formulation of their classic diffusion equations. Over the_v

' recent.years these equations have been fully validefed 6& experiments involving
binary and ternary systems

An interpretatlon of the Stefan-Maxwell diffusion equations for the case

of diffusion of a solute through a stagnant gas implies thatlthe diffusion flux
established by a concentration gradient of the solute in the binary system creates =
a convective flow in the direction of the diffusion. The magnitude of the con-
vective transport depends updn the concentration gradienﬁ of the solute and the

- eoncentration of the non-diffusing gas.._In the interpretation of gas-phase
“e'_mass transfer processes by molecular diffusion’througﬁ a hypothetical stagnant
film the convective transport resulting from the diffusion process has.usually
been accounted for through the film pressure factor. For diffusion of one gas
through a second.stagﬁant gas the film pressure factor becomes the iog mean
‘ - average partial pressure of the stagnant gas over the diffusion path, i.e.,
Pan. The role of the film pressure factor has Seeq well confirmed for pure
molecular diffusion, but only in recent years attention has been focused on

verifying its role for mass transfer in turbuleant flow of gases as it occurs

in avsorption and vaporization processes.
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Seshadri and Toor (lh) have made an- approximate theoretical analysis based,_;_v_
8 ”1_on the analogy theory for Ns =1. 0 which indicates that the mass transfer '

.az*”;coefficient varies inversely with me, in. agreement with the film tneory.

Cairns and Roper (2) were the first ones who deliberately studied the ‘

q?finfluerce of inert concentratiou 1evel on the gaslphase mass transfer coefficientggyif
. ﬁi?They evaporated water and condensed steam into air in a long wetted wall column> |
;{fsimilar to the one used by Gilliland and Sherwood (6) They varied the me/Px';iint'
"< ratio from 0.15 to 0.97. N C | B
| Further experimental study was undertaken by westkaemper and White (22)
-hi{;who vaporized carbon tetrachloride into air from a pan mounted flush in the
"':?fi floor of a rectangular wind tunnel. The variation of me/P in their study .
" vas from 0.287 to 0.8L.

| The studies cited‘aboue have in general teen {nconclusive and or contra:?:
;F:dictorr with regard to the effect of the film pressure factor. Much of the data -T; M:
“7 seatter badly which attests to the experimental aifficulties involved in the S

13vaccurate measurement of mass transfer rates and concentration differences over

?ffﬂ a wide range ‘of inert gas compositiOn in the. various types of apparatus which

i were employed.

S The most recent work on the investigation of the-effect of concentrationrffiaif

level upon the gas phase mass transfer coefficient was conducted by Behrmann (l)‘;'"

5;5;i'and was recently reported by Vivian and Behrmann (17) In this study ammonia ﬂf'
’f was abscrbed from gaseous streams of nitrogen-and air intoldistilled water and ;

- aqueous armonia solutions in a short wetted wall column. The mean inert mole
fraction was varied over the range 0.934 to 0.0358. Also desorntion of amnonin-.:" :

rom ammonia solution into air was studled. In tnis studj variables of pressure,



5. UCRL-16221 Rev

‘Schmidt and Reynolds numbers were held constant.. The mass transfer Stanton

" number was correlated versus méah:inertvmole fraction. Although considerablé ‘f;ﬁ'

iexperimental scatter exists at low values'of the méan.iﬁert,mole fraction the

| fesults of the absorption e#periments were best'cdrrélated with the film.pres;.f
. sure fagtor fo the fir;t'power. However, the results of thé data on'desorption
did not correlate ﬁith the absqrption runs. Theréfore, although this sﬁudy.

'appears to be best to date, from the results the role of the film pressure

" " factor in desorption or vaporization processes can not be established with

'ﬁ;_certainty.
| A theorétical‘study of ﬁﬁrbulent transport of mass intb_gaﬁeous streams .
- may be made throﬁgh~the solution of the diffusion - convectioniequations. A'

‘J? qonsiderablé interest has been shown on the use of différential form of the

i'.“’c'za.1',e equations: for tﬁrbulent transport of héat and momentum. Recently, Kays (9)
}filhas sumarized severalvof thése studies. .One of thevearlief studies was made
vBy Sleicher and Tribus (15) ﬁho presenteq solutions for the variation of the

" heat transfer coefficients in turbulent flow in pipes with a constant surface
iQrtemperature and with no cross-flow velocity. But as pointed out by these
: .authors themselves their solutions are not accurate for short transfer sections and.
for a gaseous range since more eigenﬁalues are needed than thosg presented in
"' their paper. Furthermore, Kays (9) has recentiy pointed out that the Sleicher

: iand Tribus' results predict higher values for heat'transfér coefficients for
fully developed region in the gaseous range and therefore are not very éccurate'

even for: long transfer sections. This discrepancy is due to the eddy aiffusivity

'/.. distribution functions employed by these authors (15).‘ Wéstkaemper and White:

(22) attempted numerical solutidns to the diffusion convection equations for

~parallel plate geometry but they also neglected the cross-flow velocity due
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to mass transfer. Thelr computed resultes did ﬁot agree with their measured
mass transfer rates at low Reynol&s number'where thé effect of the cross-flow
. velocity was maximum.

The purpose of this work is to attempt numerical solutions of the dif-
fusion-convection equations for the case of convective mass transfer from a - :? -
cylindrical tubg into a turbuient gas in the'presence of a finite cross-flow
".velocity and thus to establish theoretically the effect of the film.pressure

factor upon the transfer rates.
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i The Equation of Convective Diffusion

Consider the case of vaporization of a liquid (or solid) A from the

wall of a tube over a mass transfer section of finite length ZL'_intQ which a

" binary mixture consisting of varying amounts of diffusing species A and inert

gas . B enters with a fully developed velocity distribution as_shownvin Fig. L.

j Component A is maintained at a constant concentration (vapor pressure) at the

wall over'the entire section. The mass transfer occurs by diffusion and also

by bulk transport of material by a velocity in the radial direction. The

. following assumptions are made

a. BCA/BG

b. dU/dz =0, i.e., fluid enters the tube with a fully developed

0, i.e., diffusion in 6 direction is negligible.

~ velocity profile and under ordinary mass transfer rates the contribution of the

mass transfer to the mean velocity is negligible. This assumption is verified

| by the experimental study recently completed (k).

c. The d/dz((D + E)aCA/Bz] term which represents diffusion in the axial

direction is negligible. Schneider's (13) theoretical analysis seems to support-i

this assumption.

d. An eddy diffu51vity based on the mole average velocity is taken to

_fbe equal to the eddy diffusivity based on the mass average veloc1ty At low

mass transfer rates this assumption appears to be satisfactory. In the subsequent i

ol

" . treatment therefore, a single eddy diffusivity £ will be designated for both

cases.

This resulis in the following simplified form of the equation of

convective diffusion.
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(1)

.Diffusion of Solute Through an Inert Gas:
It is often noted that in many masé_traﬁéfér proﬁeséeé}suéh as evapora;_,ﬂ :
:tion or abs§rption of solute in gaseous streams; ﬁhe.trAnsfer mechanism can be |
.approkimated as that of diffusion of solute through a gas which exhibits no net |
btransfer in the direction of the solute’transfer. Therefore, for this casé'the
rate equation gt the boundary of the transfer, in this case at:the pipe wall,
" becomes | | |

NB = -(D.+ E)-a}—'-i' vch = 0. | o ] ’v : | . (2)

Strictly sbeaking the net‘mass'flux.of_compdnenﬁ  B_'is zero only at
: :the wall since the wall is impermeable to B. But in this work we shall assume
B~ 0 1is true at every .

radial position in the pipe. Then from Equation (2) one obtains the relation-

.'; that at'ordinary mass transfer rates the condition N

ship between the cross-flow velocity distribution and the concentration gradient

as follows:

(D+E) & :
A I S - (5)
It is noted that the cross-flow velocity is_iero at the axis of the
V'pipe since the'concentration gradient is zero and cross-flow Qelocity is maximum

at the pipe wall.

e b e o et o e Ao e x| i e
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Sincé we are deaiing_With diffusion'processes in- éaséous streams it is

convenient to use partial pressure instead of molar concentrations as a driving’
. . . | . . t

force. Assuming an ideal gas law for the binary solute-inert mixture the fol-.

lowing relationships result in terms of partial pressure driving force

(p+E) Pa apﬁ]
(P-pA)R'T or l

-

N = . [(D*E) o,
A~ " | R'T or

+

()

-and the diffusidn-conyection Equation (1) can be written as

| 2 | o
op ' dp dp
A _ A D+ E(r) , OE(r) A
vz dz [D * E(r)] 6r2 * [ r +'*8r } or

. + r 5'9 2 . | -
+[DP_pf( )](OrA) e

This equation forms the basis for the_theoretical consideration of

transfer oflone component into a turbulent solute-inert binary gas stream. In '

order to complete the mathematical formulation of this.problem the boundary con- '

ditions of the system should be considered as discussed in the following section.

Boundary Conditions
‘The boundary values of the system are as follows:
'a) The concentration at the wall is constant for all downstream distance z.
Hence by = pAw, at r = R and for gll zZ.
b) The concentration of the inlet gas is constant' and Py = Pyyr 8t 2 =0

aid for all r » Q.

o
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c) There is no concentratlon gradlent at the axis of the tube. Hence con-

centratlon proflle is symmetric around the radial axis. Thatlis

A/ar = o, at r' = Q and for all z. |

It is evident that the basic problem is the determination of -the concen-
tration distribution as a function of radial and axial posipions; This 1ﬁv§lves
the simultaneous solution of the equations of change. -But the méthematical
hature of these equations does not permitla rigorous solution‘in all but a few"
-simplified cases. For the specific problem at hand A numerical solution of the

diffusion-convection equation is sought.

;3;1Eddy Diffusivity and Mean Velocity DlatrlbutiOns

v It 1s appropriate now to consider the diffuolon convection Equation (5)’j"
siﬁce it expresses the relationship between the concentratlon gradlents in the
radial and the axial positions'in the systém. Equatidh (5) méy be solved if

'the variation of the time ayeraged veloclity VZ and fhe vagiation of the eddy
.diffuéivity E with the positions in the systém arc known. A basic ;ncertainty
in the theorctical Lreatﬁenp of a turbulent &ass tranéfer process lies in not
knowing these distribution functions under the conditions of finit; mass excﬁange.
betweeﬁ the fluid streams and‘the pipe wall. In the absence of sgéh information
concerning the eddy distfibution, in the past, in several anal}ses it has bteen
assumed that unde; low mass transfer rates E 1is the same for both the momen-

. tum and the mass transfer process, at least in the region,close:to the wall

where mozt of the transfer nakes place. As a reéult in'the past several empir-

‘ical expressions have been‘proposed for the eddy viscosity distributions in the
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 .Qicinity of a’pipe Qéll.~ ﬁut é§ pointed‘ouﬁ earlier.tﬁe:realzéﬁccess of any
~:analysis debénds'to a cdnsidérable extent on how carefully the eddy variationi__
' is chosen near to the wall. -
It is édnsidered herthhat the choice of the assumed eddy distrib@tion .
will be justified only if (1) it satiséieé the eéuations of mean motion; (2) it
" 'is continuous with respéct to that obtained from von Karman's logarithmic dis-
tribution in the turbulent core region; (3) it is‘compatible with the mean |
veloecity distribution expression'and gives no discontinuity in the_velocity._
,,5:?distribution function over the region.from the wall to thé point away from the
" wall beyond which E 1; assumed constant; (L) it eliminates the concept of -
sharpiy defined fluid layers and describes the whole wall region where mass
. transfer mainly takes place;”(5) and it agrees with the experimental daﬁa. All
these criteria eicept the first criterion.hafe been,receﬁtly set by Gowariker (7,8).
Using the equgtions of continuity and the equations of mean motion we. '
: hﬁve derived (éo) compatible expressions for velocity and eddy viscosity dis-
tributions for the_whble'wall region of the fully develoéed turbuienﬁ pipe flow. -
~ Our proposed expressions agree with the exéerimental da£a on velocity.and eddy
Vvarigtions. Furthermore, using these distributions we have presented (21) tiae
momentum-mass traﬁsfer analogy expressions.and found an excellent'hgreément witﬁ
~_the experimentai data on mass and heat transfer rates. Since the present eddy
and mean velocity distributions satisfy all the eriteria set in the previous

‘paragraph for the purpose of solving the diffusion-coanvection Equation (5)

pore

these distriputions will, be chosen for the wall region where mass transfer
mainly takes placs. These veloclty ana eddy-viscosity distributions for the

wall region are given as follows:



© .10~ . UCRL-16221 Rev
U eyt nomao™ (v + 3,007 (44)%, for 0 <y < 20 (6)
o=l (3 -6 ‘+l+'v o S '
‘_§>_ 4.16x10" " (y )7-15.15x10"" (y ) p,  foros S < 20 . ,(7)

C14.16x1077 (y)%+15.15%07° (1)

Where ‘Uf and y+ aré the dimensionless velocity.énd dimenéionles; distance
from the wall..

In,ﬁrder,to.obtain these.distributions in the wall region we have'usgd.' 
von Karman's logarifhmic velocity distribution'(IS) for the fully develoved
turbulent core regibn. In the"present analysis von Karman'; velocity expression
will be retained for thé region away from the wall. von Kérmén's veiocity ex-

- pression is gi?én as féllows:

+ + . ] : coL R - .
U =2.5my +55 for y+ >20 . T (8)

. For steady flow in a cylindrical tube, the shear stress is proportional
‘to the distance from the axis and the eddy viscosiﬁy function for tﬁe region

“away from the wall is obtained from von Karman's'velocity distribution function

"~ 'as follows

<lm

b Z_Q%%%Lgl L ﬁ'_. | L | (9)

In the past (10) it has been observed experimentaliy that the eddy vis- -
cosity goes through a maximum and reaches a constant value at the axis of ar
tube. Therefore for tne purpose of present analysis we shall assume the vari-

ation of the eddy viscosity function as given by the relationship (9) to a
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distance yi faf.awAy from the wall and a constan£ value-§f the eddy viscosity

is assumed from there on to the axis. The point- ey beyond which the value of

eddy visco xty is ass uned conatant 1s determined by the analysis as follows.
Consider constant eddy diffusivity for ro mentum in the turbulent core

—of-the ‘turbulent velocity field. With this assumption the integration of the

" —equation for. turbulent shear stress between the point ¥y and the central axis

gives
(0 -u) = 0%y . 0% /R (10)
max © 1’ " @R S S 2E' | E
Where E's= p + pE; Ui corresponds to the velocity at the point ¥y
| u__. correspbnds to the velocity at the central axis of the pipe and . is

max. - _ . 0
defined as ' '

Then relation (10) can be rewritten as

(u__-u.) * L g ' '
max 1 U Rpy. 2 -, T ] :
= g (/R S )

* 2 '
'Thus if a plot 'of U -U/U vs r 1is preparea from the experimental data on the
-fu11/ aevp}oued velocity vrofile, the slowe c¢f the straxght line through the
data would be airect‘y related to the constant total v;scosity E + 4. This téche
nique of detérmining E hes been previously used by Claucer {(3). A plot of
”dA

U/U vs y/R of the exgerimental velocity distribution data for all Reynolds

numbers is given by Schlichting (12). Using Equation (11) in conjunction with
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the plot given by Schlichting the point of junction Yy is found wbere the two
~ values of eddy viscosity glven by Equation (11) and by von Karmean relat*on
(Equation (9)) approximately agree.. This point of junction was found to be at
‘about 30% of the distance away from the wall, that is yl/R - O.j.

It should be pointed out that the present theoretical resulés for mass -
transfer are found to be rathe: insensitive to small errors in the choice of
the point nf Junction.

Once the valué of the Jnnction point has been determined then the
averaged value of the eddy viscﬁsity which represents tne central turdbulent
4coré can be obtained over a wide range of Reynolds number by the relationship.

(11) as follows:

_/°*+ E~8.2x17% - o R (12)
U'R UR : - ‘

i

This expression for eddy viscosity is similar to the result of Clauser (3) in '

‘the turbulent boundary layer.

-Nondimensionalized EQuations

In the previous section sincevdimensiOnless velocity'U+ “is given as
“the function of the dimensionless distance y+ 1t is convenient to nondimén-
sionaglize the.diffusion-convection equation and uhe bounqary conditions of the
system. Using a nondimensionalizing‘procedure fhe'diffusion-convection

" Eguaticn (5) becomes:
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— o 2
b L 1oz, 1 R -
el ety bt I P2 Uil o
A : *
Nee ff2-a U Ne, »
1/1\18c + E(y.) oE A 1/1\rSc + E(y ) apA 2 |
- X - N * N % v % o (13)
l-y oy oy P-pys oy
- P
PawPay A

The boundary values of the system when expressed in dimensionless form become:

- S *

1. p,=1 at y =0 forall Z

_ _ - _ B . _
2. Py = 0 '  sat Z2 =0 for all y > O
3. ——% =0 - at y =1 for all Z .

oy ‘ '

In this nondimensionalizing procédure,an explicit influence of Reynblds
nﬁmber is noted. As Reynolds number becomes iargevthe concéntration‘grédient
in the axial direction becomes émall and in the limit the concentration gradient
 ap§roaches zero.
As pointed out earlier in this text it is not possible to obtain an
- analytic solution of the diffusion-convection equations. Thefeﬁore in order to
accomplisn an accurate solution of ﬁhe‘diffﬁsion-convection.eqﬁations which will
satisfy the given boundary conditions a numerical approach is adoptad. The
rethod used to solve the‘diffusion-convection equations_consists of fiﬂite dif-
ference tecanique. A four poinﬁ explicit method of finite differences iz ussad.
IR 7090 and IEM 7094 éigital computers werzs employed to solve tne equations.

Details of the procedure and the computer program are availebdle elsawhere (19).
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NUMERICAL RESULTS - |
V'Sufficienfly‘sméll 1n¢remepts,were_ostained.byldividihg the'radiai diS-i_
tance into 20 d;Visions near thevwall bétweeh'y* = 0 and y* = 0.2 aﬁd 5 divisions
~ from that point.to the fadigs.' The longitudinal distance Z cénsisted of 10,000
incfemehts.‘vThe grid size was de?elqped by stabiiity tests in waich successively
smaller grids were used until the numerical results no longer changed. For
lbeach run there were 250,000 (10,000 x 25) values of concentration calculated
and it was not practical to print out all this information.
Therefofe oniy 500, (20 x 25), values of concentration were saved at 20 eqpaily
spaced increments of &Z = 0.05.
From calculated concentration profiles.ﬁhe "cup-mixed" averaged value
.of the concentration EA was calculated for evéry.incremental vaiue of Z .
..:where.SAavg is the meanaggncentraticn over a cross sgction and is defined By‘-
_ [F ") v 5,65 o

: = I N ) X (lﬁ
L o) 06 a )

From the concentration profiles the concentration gradients Qere couputed i-:'

. and the mass flux at the wall for every incremental value cf Z was then cal-

v

“culated by the relation

\o - o TAwPar D [y o ).
Z | P'pAi R'Tad éy* W . : -

'(NAw

Since the computation of the local mass fluxes involves the knowledge

cision, the local mass transfer rates were also computed and compared with the

following relation
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(g = T vy T LA P 500 @ 08
AW’'Z 2R'T Zi‘ Re" az o A - :
Thé above félation can be derived by 5 mass talance over a cylindrical slice.
This.equatioﬁ permits the calculation of NA by, f;rst, a gradnical intsgraziicn
‘which is é smoothing effect, then a differentiation. This method.of calculating‘
mass fluxes was chosen in this study.. ' |
"From the knowiedge of the mass fluxes and the average éonéentration £he
mass transfer céefficient, kg, was computed for every incrementael value of f,
whe;e‘kg is defined by

(NAW)Z‘ (P,\v. o ) . : (17)_‘

avg

" From these calculations Sherwood: and Stanton rumoera were co*cukei The local

‘Sherwood number is defined as

k R Td 2 5%
. P(PyyyPas) P, (18)
K3
Sh D 7 (Fp, oy pA s) 3y |W
‘and Stanton aumber (witn the film pressure factor includeu) as:
k P, Py CXR'TP. k- '
. = _.E __B“_'! = o L 3 —.5-——-—.BM = __c. A v :
Vgt = U, P / Re"Vge O A S - (19)

As a2 test of the caiculatibn methdd and the assumptions, a nﬁmber'of
'rGilWLLand and Sberwooa s (6) and Cairns and Roper's (2) wetted wall columns
experiments vas almulated on the computer. Two of these results are given in
Table I. Values of tne calculated exit concentration and the log mean Stanton

nunoer are comn“red with the experimental values of Gilliland and Sherwood.
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The calculated Stanton number is also compared with the one éalculated fron

the analogy theory of the authors (21). In Table II a similar éomparison is

" made with the Cairns and Roper experimental value. It is seen that in these -

two cases and the other cases tested the calculated values give better results .

~ than the analogy calculation. -

Huving cstabliched some confidence in the method, hypothetlcal cases were

studied. Concentration profiles and local Stanton numbers were computed over

" & range of values of Z,'Schmidt~number‘and Reynolds number. In the test system

the driving force, (pAW-pAi); was set at 10-mm inlet condition at one atmosphere .

“total pressure. Calculated quantities are tabulated elsewhere (19).

Figure 2 shows the variation in locai Stanton number for a hypothetical

system with N, = 1. At an ZL/d of about 18 the Stanton number approaches a

Sc

‘constant value. The average Stanton number based on a log mean driving force
' over the entire section is shown by the single point'at‘ZL/d ~ 18. It should

' be pointed out that the diffusion-convection result approaches satisfactorily .

in the limit the value obtained from the analogy considefation of mcmentun,

- mass or heatAtransfer in pipes. The analogy result as shown by the dashed

- 1line is the one calculated from the analogy espression recentiy proposed by

the authors (21) which is known to fit the experimental data on mass and heat

* transfer well.

.

Figﬁre 3 shows the calculation similar’ to the preceding one for a system

with Ng, = 2.5, Again; the diffusion-convection calculation seems satisfactory.

It is of interest that in both cases considered even for a test section of 18
diameters length the log mean and distance mean Stanton numbers are significantly
higher than the terminal local values. This substantial effect of test section

length may account for some of the disagreement among various experimental

.gtudies in which .a constant Stanton number was assumed.
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From fo?egoiﬁg c0mparisons_of the ngmerical solution of the_diffusion-
convection eQuation with'sevgral experimental résultsiit can be concluded that
the numeric&l proceduré aﬁd thé assumptions involved are satisfactory.

In order to establish the role of film pressure*féctor in gas-phase
turbulent mass transport prééesses severél vaporization experiments were simulated:
_in which film pressure factor (xf or yBM)‘was varied over a wide}range'of
- Schmidt number, the length oflthe transfer section and the Reynolds number.

Figure 4 shows our computer results at NRe = 10,000 in a pipe of 17.7 diameter
length and for the values of Schmidt number varying from'NSc = 0.2 to NSc = 2.5.. 
Results show thaﬁlwithin the liﬁit of the calculation error the log-mean o
Stanton number is constant over a wide rénge of *f’ thus indicating_that'the

film pressure factor enters to the first power. |

In order to establish the role of film pressure factor in the-mass
transfer entry region typical vaporization expe:iments for a caﬁe of ZL/d of
2 wvere simﬁlated on the computer. These results are shown in Fig; 5. Again
it is seeh thaﬁ within the limit of the calculation error film pressure enters
to the first power.

It is of interest to compare our diffusion-convection results with
those of Behrmann's (1) experimental'data.‘ Cne of Behrmann's experimental rums
on desorption of ammonia from ammonia solution into air is simul;ted on the |

is varied over a wide range at N = 0.675. Figure 6

ISc

compares our results with those of Bearmann's experimerntal data on absorption.

computer and X

t is of interest that the best curve tnrough our calculated voints agrees well
with the least squares line representing Benrmann's data. Since our diffusion-

- convection results agree with the absorption data reported by Behrmann it may

therefore be concluded that the direction of mass transfer does not influence
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‘the mass transfer coefficient and hence it may be generally concluded that the
‘mass transfer-coefficient varies inversely with the film pressure .to the first
‘power in absorption as well as in desorption or vaporization processes occurring

in fully developed turbulent flow of gases in pipes.

DISCUSSION

From the foregoing numerical results it may be concluded that for
preCtxcal purposes the role of the‘concentraeion level of nondlffusxng gases in
_tu“bulent transport is the same as that in pure noleeular dlffu51on processes.'e
' But despite these conclusions there exists a number of inherent limitations |
end uneertaintiesvconcerning its true role in the‘gas-phase-turbulent mass
transfer pfecess. A major uncertainty concernlng the validity of one of the
| basic assumptlons made in this development will be discussed first.

In the diffusion-convection analysis it is assumed that the net radial
flux of nondiffusing species vanishes everywhere in the diffusion systen.
However, as pointed out in the previous sections, this condition is satisfied
‘only at the solid boundary. In order to check £he validity of this assumption
lo¢al values of mass transfer rates of nondiffusing'species are essimated frem
the knowledge of the calculated'radial concentration profiles. The results of
a typical vaporization case are tabulated in Table III. In viey of the ex-

tregely smell magnitude of N in comparison to the total mass flux it may,be:

B
concluded that the asSumption that species B is stagnant is reasonable.

To gain some furthner insignt into the case of stagnant B diffusion we
ray examine the typical magnitude of the interfacial velocity resulting frem

~the diffusion flux. Figure 7 shows a typical variation of radial velocity

[¢]
']
3
3
O
ot
[N
'y
ct
{o
[&]
o

alculated from Equation (3) using the computed conceatration

i The shape of the curve sugzgests that the radial velocity component

¥

&



»

.-,
-

19. ' . UCRIL-16221 Rev’

decays quite rapidly with distance from the wall under low mass transfer rates.

Thercfore in view of the small values of radial velocities it is net surprising

to find that the calculated ratio of flux of B to the total Flux is szell.

Besides the major aséumption of stagnant B diffusion there are inheren%t

4

limitations of the present analysis. Examination of Equation (18) which relates

the mass transfer coefficient.té the concentration gfadient and the bulk aver-

aged concentration reveals tha% in the special case of diffusion of A through a

stagnant B the local mass transfer coefficient can be related to the concentra-

tions of B as fcllows:

YauYes \[7g o - o .
k Qo tl ) \ Bv.,'.r, = ij . L ‘ . (20) ’
Y VBl Ve Bave [ \ay " W : |
B "where : N k, . N /y -Ya = mass transfef coefficient based bn
“ y ~ATAWTRavE ) fraction differences -
You=Yn, ' '

, v . 0B7BL |
and ' yB = -

YewYBi

v;_ It is noted that in this formulation the local mass transfer coefficient .

appears to véry with the local concentration gradlent of B at the wall, the mole

| fraction of B at the wall and the ratio of the concentrafion differences ol the
 non-diffusing-species between the value at the phase boundary and the inconing
strean and that between the phase boundary and the local averaged value. It

f 1should be po;nted out that vériatipn of the gas-phase mast transfer ccefficient -

“with the Tilm pressure factor is not explicit in the formulation.

e

n the study of ncn-equivolume diffusion_in laminar boundary layer flows

4t 1s observed (%) that the mass transfer ccafficient varia:z directly with the

concentration gradizni at the phase boundary and inversely with the concentra- -

tion of the non-diffusing species at the phase boundary. In arriving at these

- results it is usually assumed that the averaged concentration can be fixed
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arbitrarily as an inlet concentration. This gppearsvto ﬁe a reasénablé assuﬁp»
tion in | liquid‘systéms."Sinée, in gas phase'trénsfer in'fuliy devealoped
‘turbulent pipe flow the concentration gradieﬁt, as well as.the averazed concen-'v"
j_traﬁion of the non-diffusing species, may vary locally, wa does not neceséa-ily
enter in the same manner as in the laminar boundary layer case.

VIt should be pbinied out that_in_the case of low concentration'diffegeﬁces
in species A between the wall and the bulk stréam (which is the case under con-
sideration) local values of the film preésure factor do not differ greatly from
the values of the concentration of the nondiffusing $pecies at the phase
boundary. It 1s‘of'interest-to note also that in all hypothétical case§
.considered here the vaiues of YEM did not differ by more than three pefcént
from the correspbndihg values of yp. Therefore it may be concluded that under
conditions normally encountered in the design of mass transfer eguipment the |
choice of Ypy appears satisfactory.. |

In the case‘of vety high mass transfer ratec the velocity field may be
.appréciably affected by the Aiffusiqn flux. Therefore - knowledge of';he vari-
vgtions of the eddy diffusion coefficients and the felocity with position in the
pipe under finitg mass transfer rates is essentiai vefore the diffusion convec- ;
tion calculations cﬁn be carried out. Therefore the role of the concentration
level of the non-diffusing specieé in the gas-phase transport processes under
very high méss transfer rétgs is still undetermined. However, the method of
calculations presented in ihis study should vrove to be valid in the range of

rzss transfer rates normally encountered in separation processes.
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CONCLUSIONS ?"va

1. From.thé'results of ﬁuis investigation it méy be concluded that under
low ﬁass transfer rates for a system at constant’Schmidﬁ and Reynolds number in
fully developed turbuleét fié%nof gases in éipes £he product cf the gas phaée
mass transfer coefficiént and ihe log-mean mole'fractioh of the nordiffusing gas is
nearly constant Both in the mass transfer entry regibn and in the fully dévaloped
regions. : ' ' .

2. Mass transfer'fates predicted by our-diffusion-convection calcula-
tions for desorption agreé quite Qell with Behrmann's absorption data. Hence

it may be concluded that there is no effect of the direction of the mass trans-

- fer on the mass transfer coefficient.

3. We show that the effect of the mass transfer section length on the

'_rate of mass transfer is generally quite significant and the results of the aif-

fusion-convection analysis for long mass transfer cections approach the momentum

and mass transfer analogy'result satisfactoriiy in the limit.

L. We show thatvclosé agreement between the predicted values and the

-experimental data of mass transfer rates supports the use of our velocity dis-

.tribution function'ahd assumed equality of the eddy diffusivities for momentum

and mess.
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g NOTATION ; -

““ViAVV<. { dlffu31ng specxesx7f

jB jgivjotagnant spec1es

e \,“f'molar concentratlon of spec1es A

'Zmolar concentratlon of spec1e~ A at the wall
':HJ{averagcd molar concentrat¢on of upe01es A h
*7Hf;molar concentration: of gpec1e B.f' |
’molar.concentratlon of species i_lﬁv
’;Q..total_molar concentration o
i diamétgr-of a éibe : ”

.Tf ﬁf;molecﬁiaridiffﬁéiﬁity ‘li-irjvt -

" eddy aiffusivity

o E/v
. friction factor -

",_-conversion constant .’

 ’f,;mass transfer coefflélent b;sed én molar coﬁﬁentrétlon'aifferefce,iarﬁu'i
“ *;;Tgas—pha$e mass transfer coeffL01ent based on partlal pressure a1ffe£eﬁ§eé
fgas-phase mass transfer coeff1c1ent based on mol fraCtlon alvfe”ence ‘
d'~ j3molar flux of specmes A | | - |
* 7fjmolar'flux>of species A at thé'ﬁali -
'””31‘molar flﬁi;of'sp¢Cies B;' o |

" :4otal pressure

¢l -partial pressure of species A -
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partial pressure bf.species A in the-inlet _.
averagedvpartial pressure of species A
partial preséufevbf spécies A at the wall
éartial pressure of species>B

partial pressure of species B at the_wall‘
log mean partigl pressure of species B
radial distance |

radius of pipe

gas constant

temperature

‘/f
T ¢ =
| V’o gC/p = 5 . Uo

time-averaged mass velocity in exial direction
maximum velocity
averaged velocity

radial velocity

time-avéraged molar velocity in Z direction

£ilm pféSsure factor

LAY

mole fraction of inert éomponent B

log mean mole fraction of inert component B

y/R

mole‘fraction of inert component B at the wall

axial direction
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. Gféék_Lettergf f;3*

3ﬂfb;f7f;ﬂ.aen;i€y7 '¢ 

owe C o viscosity
e 4w ‘kinematic: viscos

o aiimuthélfdiregtiOnf ..m.

" shear stress -

’isheér'streSS’at the”ﬁéllé,eiizf?f"

"' Dimensionless Groups’ . | -

“ENRe .  vReynglds'num§¢gf; .m

N,Séhmidt'nﬁmberfﬁ
x R'T4/D’

>Shefﬁoéd'dumbepi
,I}"kcxf/UQ. -

. Stanton number
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Table I. Gilliland-Sherwcod vaporization data;
System: Alr-n Butyl alcohol
“‘= 1 H = 1.88
'NRe* 4,120 NSc 1 8
ZL = 117 cm ; d = 2.67 cm
ro' ; = |l
T, < Q°C; Py 38 nm Hg
Py; =0 _ '
AL Analogy

Measured values

Predicted values

theory vprediction

N

Exit cone. 1715 mn Hg 1.5 mm Hg -
st 0.00k01 0.00372 0.00512
*Reynolds numbers are based on gas velocities relative to the
pipe wall. ' :
Table II. Cairns-Roper vaporization data.
N * = 8,925 ; | | Ng,.= 0.60
2, = 9h.62 cm ; . a=2.29cnm
. ° ‘ o ,
T, =327¢C i ‘ .~ P, =359 mmlHg
Aralogy

. Measured values

- Predicted values

theory prediction

Exit conc. 23.52 mm Hg 2k, 46 mm Hy -
%ﬁ . 0.00%8 0.0059 - 0.0054
* 3 3

Reynclds numbers are based on gas velocities relative to the
nipe wall
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.5l ‘Table TIT.  Calculated radisl variation in - . = -
oo -mass flux of stagnant component B. oot

Yn = 0.69, Npe .-.ulo,‘oo_o_g _ _z/g =1//

Y/r._‘. Ny NN
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FICURE CAPTIONS

" 'Pig. 1. Schematic diagram of the. diffusion-convection model.

gt "Fig. 2. Variation ‘of Stanton number with downstream:distance at ‘N

L.

Se '1.05>

Fig. 3. Variation.of Stanton number with downsiream dictance at-'{éc

2.5, 7

Fig. L. Effect of inert gas concentration on transfer coefficient for

- Fig. 5. Effect of inert ‘gas concentration on transfer coefficient Zor:"

'?L/Q =2.0. ",

ig. 6./ Comparison of present théory with Iihrmann's experimental data.

‘Veriation'of radial velocity with the distence.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

‘mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,-
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, '"person acting on behalf of the
Commission"” includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the.Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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