CONVECTIVE MASS TRANSFER

In most practical applications, convective mass transfer is required in order to obtain
higher rates of mass transfer. This needs bulk motion of the fluid preferably in
turbulent flow regime.

For example, fluid is flowing inside a pipe/tube, where the internal wall is coated with
a solid that dissolves in the fluid. If the flow is in the laminar regime, the transport of
the solute will take place by the molecular diffusion. On the other hand, if the flow is
in the turbulent flow regime, the solute mass transport will occur by the random
motion of eddies (turbulent diffusion). The turbulent diffusion is much faster/higher
than the molecular diffusion.

Videos of Turbulence

https://www.youtube.com/watch?v=nl75BGg9qdA

https://www.youtube.com/watch?v=LylIMRupw4iE

Types of Mass-Transfer Coefficients

1. Definition of mass-transfer coefficients

For the mass transport involving the molecular and the turbulent diffusion,

d(cy)
dz

]ZZ = _(DAB + SM)
Integrating using

(Dap + €y)
ﬁ (a1 — Ca2)

Jar =

J41 is based on the surface area Ai. Also, (z; — z,) is not known. In a simple manner,
one can write

D
Ja1 = !_((;B—w] (a1 — Caz) = ke(car — Caz)

Here, /%, is the flux of A from the surface A..


https://www.youtube.com/watch?v=nl75BGg9qdA
https://www.youtube.com/watch?v=LylMRupw4iE

2. Mass-transfer coefficient for equi-molar counterdiffusion

d(x,)
Ny = —c(Dyp + €y) “dz + x4(Ny + Np)

For equimolar counterdiffusion, N, = —Np,

d(x,)

Ny = —c(Dyp + &n) dz

Integrating the above equation gives,

(Djg + €11) .
Ny = [_(ZAB—M (ca1 — Caz) = ke(car — Ca2)

1~ Z3)
Gases
Ny = ke(car — caz) = k(a1 — Paz) = k;’z(VA1 — Yaz)
Liquids:

Ny = ki(car — Cap) = ki(car — caz) = ky(xa1 — X42)

Relationship between mass transfer coefficients

!
Ca1  Caz k

N, = k;z()’/u — Yaz) = k; (T - T) = ?y(cm — Caz) = ke(Car — Caz)

3. Mass-transfer coefficient for A diffusing through stagnant,
nondiffusing B

Ca1 — Ca2 k’c
=k, = (Ca1 — Caz) = k(a1 — Ca2)
XBM ¢ XBMm XBM ¢

B (Dyp + 5)] Ca1 — Caz
(z1 — z3)

n=|

Ny =ko(cay — Caz) = kg(Pa1 — Daz) = ky()’m — YVaz)



Liquids:

Ny = kc(car — Caz) = kp(car — caz) = ky(xa1 — X42)

TABLE 7.2-1.  Flux Equations and Mass-Transfer Coefficients

* Flux equations for equimolar counterdiffusion
Gases: N,y =kilcqy — ca2) = kP — Pa2) = KVa1 — Ya2)
Liquids: N, = Kilcar = €42) = Kilc a1 — €42) = kilxr — %2
Flux eqyatt’ons for A diffusing through stagnant, nondiffusing B
Gases: Ny =k (cy1 — Ca2) = ke(Par — Paz) = k(0.1 — Y2
- Liquids: N, =k.(cyy — c2) = kif€ar — €2) = kx40 — x42)

Conversions between mass-transfer coefficients
Gases: '

SRR it P , :
kee = k; RT ke EB;:! = k6P =k pos = kyypu =k, = k. yppc =kgypu P
Liquids:

kee=kic=kyxgyc=kp/M =k =k, xgy
(where p is density of liquid and M is molecular weight)

Units of mass-transfer coefficients

SI Units Cgs Units English Units
k., kg, ki, ky m/s cm/s ft/h
K koK kg mol g mol 1b mol
oynoEy s-m?-mol frac s-cm?-mol frac h-ft*-mol frac
b kg mol kg mol g mol b mol
G e s'm?-Pa s-m?-atm s-cm?-atm h-ft?-atm

(preferred)




EXAMPLE 7.2-1. Vaporizing A and Convective Mass Transfer

A large volume of pure gas B at 2 atm pressure is flowing over a surface from
which pure A is vaporizing. The liquid A completely wets the surface, which
is a blotting paper. Hence, the partial pressure of 4 at the surface is the
vapor pressure of 4 at 298 K, which is 0.20 atm. The k|, has been estimated

to be 6.78 x 107° kg mol/s- m?- mol frac. Calculate N ,, the vaporization
rate, and also the value of k, and k. -

Solution: This is the case of A diffusing through B, where the flux of B
normal to the surface is zero, since B is not soluble in liquid A. p,, = 0.20

atm and p,, = 01in the pure gas B. Also, y,, = p,,/P = 0.20/2.0 = 0.10 and
y42 = 0. Wecan use Eq. (7.2-12) with mole fractions.

N, = ky(yAl — Ya2) (7.2-12)
However, we have a value for k, which is related to k, from Table 7.2-1 by
k,yss = Kk, (7.2-16)
The term yg,, 1s similar to xg,, and 1s, from Eq. (7.2-11),
Ys2 — Vp1 .
B In (y52/ys1)
yB]_:'l_yAl:l—'O.lO:O.gO szZI'_y,{]_:l_O:l'O
Substituting into Eq. (7.2-11),

(7.2-11)

yB:\:{ =

~10-090
YoM = 117(1.0/0.90)

Then, from Eq. (7.2-16),

Lk _678x10°

0.95

= 7.138 x 1077 kg mol/s-m?-mol frac

Y Yer 0.95
Also, from Table 7.2-1,
keysu P = k, youm (7.2-17)
Hence, solving for k; and substituting knowns,
k 7.138 x 1077
k. =-2= = 3.52 -10 a2,
=P 2% 101325 x 10° pa _ >-22 * 107 kg mols-m™-Pa
k, 7.138 x 1077
k =2 = = -3 . 2,
¢ = p 30 atm 3.569 x 1077 kg mol/s-m~*-atm

For the flux using Eq. (7.2-12),
Ny =k,(yq — y42)= 7138 x 107°(0.10 — 0) = 7.138 x 10~ ® kg mol/s- m?




Also,
P41 = 0.20 atm = 0.20(1.01325 x 10°) = 2.026 x 10* Pa
Using Eq. (7.2-12) again,
Ny=ke(pay — Pa2) = 3.522 x 1071°(2.026 x 10* — 0)
= 7.138 x 107° kg mol/s- m?
N = ko(pas — paz) = 3.569 x 1075(0.20 — 0)
= 7.138 x 107 ¢ kg mol/s - m?

Note that in this case, since the concentrations were dilute, yg,, is close to
1.0 and k, and K, differ very little.




PREDICTION OF MASS TRANSFER COEFFICIENTS

Role of Dimensionless Numbers

_ Lvp Inertial forces

Np = —
® u  Viscous forces

_ (u/p) _ Momentum dif fusivity

NSC

Dag Mass dif fusivity
N I L Convective mass trasport
Sh— D,  Molecular mass trasport ’
!/ !/
Ne, = e _ Ky
STy T o
k. Ngp,

Jp = — (Ns)*/* =

1/3
NReNSc/

h
Ju = GG (Npy)?/3

Reading/Discussion Assignment: Discuss the relevance various
dimensionless number




Momentum, Heat and Mass Transfer Analogy

Reynolds/Prandtl/Von Karman/Chilton and Colburn J-factor analogy

. __(ngg)d(pvx)
zx — p t dZ
9 _ d(pCpT)
2 - leta)—r—

T
qzx CpdT = dv
Z

A

In the turbulent flow, assume that the heat flux is analogous to the momentum flux,
their ratio must be constant along the radial position. Integrating between interface
condition (v = 0,T = T;) to bulk condition (v =v,,, T =T)

S

T
O CP(T_Ti) = Vgp — 0

q
A
%pvév M
h(T_Tl) P l - vav
f_ h _h
2 Cppvy, CpG

Similarly, mass transfer and the momentum transfer can be assumed to be
analogous, and using the expression

Ja1 = ke(car — caz2)

to give



3. Other analogies, The Reynolds analogy assumes that the turbulent diffusivitiese,, «,,
and g,, are all equal and that the molecular diffusivities p/p, o, and D, are negligible
compared to the turbulent diffusivities. When the Prandtl number (p/p)/x is 1.0, then
n/p = a;also, for Ny, = 1.0, ufp = D 5. Then,(u/p + &) = (& + a,) = (D 5 + £y) and the
Reynolds analogy can be obtained with the molecular terms present. However, the
analogy breaks down when the viscous sublayer becomes important since the eddy
diffusivities diminish to zero and the molecular diffusivities become important.

Prandtl modified the Reynolds analogy by writing the regular molecular diffusion
equation for the viscous sublayer and a Reynolds-analogy equation for the turbulent
core region. Then since these processes are in series, these equations were combined to
produce an overall equation (G1). The results also are poor for fluids where the Pranditl
and Schmidt numbers differ from 1.0,

Von Karman further modified the Prandtl analogy by considering the buffer region
in addition to the viscous sublayer and the turbulent core. These three regions are shown
in the universal velocity profile in Fig. 3.10-4, Again, an equation is written for molecular
diffusion in the viscous sublayer using only the molecular diffusivity and a Reynolds
analogy equation for the turbulent core. Both the molecular and eddy diffusivity are used
in an equation for the buffer layer, where the velocity in this layer is used to obtain an

equation for the eddy diffusivity. These three equations are then combined to give the
von Kdrmdn analogy. Since then, numerous other analogies have appeared (P1, S4).

turbulent layer

logarithmic layer

laminar (viscous) sublayer




4. Chilton and Colburn J-factor analogy. The most successful and most widely used
analogy is the Chilton and Colburn J-factor analogy (C2). This analogy is based on
experimental data for gases and liquids in both the laminar and turbulent flow regions
and 1s written as follows:

/

= (N = 1y = (v (1313
c,G Vo

Although this is an equation based on experimental data for both laminar and turbulent

flow, it can be shown to satisly the exact solution derived from laminar flow over a flat

plate in Sections 3.10 and 5.7.

Equation (7.3-13) has been shown to be quite uselul in correlating momentum, heat,
and mass transfer data. It permits the prediction of an unknown transfer coeflicient when
one of the other coeflicients is known. In momentum transfer the friction [actor is
obtained for the total drag or friction loss, which includes form drag or momentum losses
due to blunt objects and also skin friction. For flow past a flat plate or in a pipe where no
form drag is present, ff2 = J,, = J,. When form drag is present, such as in flow in packed
beds or past other blunt objects, ff21s greater thanJ, orJyandJ, = J,.



Mass transfer Coefficients in Laminar Flow

_— — X o
| gas 7z
N Y li id %
_11_1__-> 4 1qui %
// Nflzlz
l i % velocity
Y . profile =} Ax -]
L : : ,
Nax|x ' i Nax|x+ Ax
- | e S
' P B ool
g i
c I el
40 K l \—unit
ok - width
X N
fe———§—— Azlz+ Az
(a) (b)

FiGure 7.3-1. Diffusion of solute A in a laminar falling film : (a) velocity profile and
concentration profile, (b) smal! element for mass balance.

()
—-— =ejrc
CAO \/4DABZ/vmax

a Caq DAB Umax

[Nax(2)]x=0 = [_DAB ax o = Ca0 o

Therefore, the total moles of A transferred per second over the entire length L and
width W of the laminar falling film will be given by (after integration)

4Dypv.
No(LW) = (LW)cso /%



Mass transfer coefficients for flow in pipes and tubes

e Laminar flow
e Turbulent flow

Mass transfer coefficients for flow outside solid surface

e Flow parallel to flat plates
e Flow past single spheres
e Packed beds of solids



Mass Transfer for Flow Inside Pipes

Mass transfer for laminar flow inside pipes (N5, < 2,100)

Experimental data obtained for mass transfer from the walls for gases are shown in
Fig. 7.3-2. In the figure, the y-axis is

(C4 — Cyo)

(CAi - CAO)
where Ca is the exit concentration, Cao inlet concentration, and Cai is concentration at
the interface between the wall and the gas. In the figure, x-axis is

Dm
= NgeNs, ZZ

DyppL

where W is flow in kg/s and L is length of mass-transfer section in m. For liquids that
have small values of Das, data follow the parabolic flow line, which is as follows for
(W /DsgpL) > 400

-2/3

(C4 — Cyo) =55( w )
(Cai — Cap) " \DyppL

1
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Mass transfer for G/L turbulent flow inside pipes

D /">
Nop = k¢o—=0.023 ( ) ( - ) = 0.023(Ng,) % (Ns)03?
u AB

AB

EXAMPLE 7.3-1:

A tube is coated on the inside with naphthalene and has an inside diameter of 20
mm and a length of 1.10 m. Air at 318 K and an average pressure of 101.3 kPa
flows through this pipe at a velocity of 0.80 m/s. Assuming that the absolute
pressure remains essentially constant, calculate the concentration of naphthalene
in the exit air (See Example 6.2-4 for physical properties).

Solution: From Example 6.2-4, D, = 6.92 x 107% m?/s and the vapor
pressure p,; = 74.0 Pa or ¢y = pf RT = 74.0/(8314.3 x 318) = 2.79% x
107* kg mol/m® For air from Appendix A.3, u = 1932 x 107% Pa-s,
p = 1.114 kg/m>. The Schmidt number is

o 1932 x107°
pD s 1.114 x 692 x 10

The Reynolds number is

Dup  0.020(0.80)1.114)
j\}r = = = .
Re o 1932 x 1077 el

Hence, the flow is laminar, Then,

2
No.Ns. % f— —~ 922.6(2.506) %9 % 33.02

N, = — = 2.506

Using Fig, 7.3-2 and the rodlike flow line, {c, — ¢ )€ i — €40) = 0.55.
Also, c¢,o(inlety =0. Then, {(c, — 0)/2.799 x 107% — 0) = 0.55. Solving,
¢ [(exit concentration) = 1.539 x 107% kgmol/m".




Question 3 (Test 2 Winter 2016 2017):

Air at 318 K and an average pressure of 101.3 kPa flows through a naphthalene tube that has an inside
diameter of 20 mm and length L = 1.5 m, at a bulk velocity of 2.0 m/s. The Das of naphthalene in air at 318 K is
6.92 x 107°m? /s and the vapor pressure is 74 Pa. Note that the flow is turbulent in this case. Assuming that
the absolute pressure remains essentially constant, determine

e Ns, and the mass transfer coefficient (write appropriate units)

e Concentration of naphthalene concentration in the exiting gas stream in kgmol/m?3. (Since the solution
is dilute, one can use arithmetic mean instead of log mean for simplicity of calculation)

Data: At T=318K,p = 1.1kg/m3, u =193 x 10"°Pa - s

Solution Question 3 (Max. 30)

18 . (Dvp> _(20x107x2x11)
Re=\ /)™ 1.93 x 10~5 B '
1.93 x 107°/1.1
N, = w/p) ( /1) _ -

D,g  6.92x10°6

For turbulent flow:

Ng, = 0.023(Ng,)?83(Ns)1/3 = 0.023(2274.43)°83(2.54)033 = 19.14

C
Ng, = ki ——
Sh CDAB
kl. = N, DAB—1914>< 6.92x 10°° = 6.62x 1073
¢=Shp, 7 20x 1073 )~ s

(VA \/ass transfer area of tube: A=nD.L=mx20x1073x 1.5 = 0.00942 m?

3
Volumetric flow rate: V=vx %DCZ =2X %(20 x1073)2 = 6.28 x 10~* mT

Mass transfer from the walls of the tube (Problem allows simplification using arithmetic mean):

NaA = Ak (CAL- - W) = (0.00942)(6.62 x 107%) (8314(27743 - 0 +ZCA2>
But, from material balance: NjA =V(Cyp — Cy1) = 6.28 X 1074(Cy, — 0)
Therefore, solution is: Cppy = 1.86 % 1075 %

Using log means for driving force: Cyp = 1.77 X 107> kg mol

m3




Question 4 (35 pts, Test1 Fall 2019 2020:

Pure water at 26.1°C is flowing at a velocity of 0.10 m/s in a tube having an inside diameter of 6.35
mm. The tube length is 5 m having the walls coated with benzoic acid. Assuming that the velocity
profile is fully developed, calculate the average concentration of benzoic acid at the outlet.

Assume that the Dag of benzoic acid in water 26.1°C is 1.245x10° m?/s. Use p = 8.71 x10* Pa-s, p =
996 (kg/m?3). The solubility of benzoic acid in water is 0.02948 kg mol/m3

Determine the Reynolds number, Ng., Schmidt number, N, and Ny, N, %%
(Ca—Cao)
(Cai—Ca0)
Determine (C4; — C4)1m

Determine the amount of the benzoic acid removed from the tube in kg/s, if the molecular weight
of the benzoic acid is 122.12 kg/kg mol

Determine the mass transfer coefficient, k., m/s

Determine using appropriate correlation and exit concentration, C,, in kg mol/m3



. (DUp) _(635x 1073 x 0.10 X 996\ _ 96,3
Re=\u )™ 0.871 x 10-3 -
Ns, = w/p) _ 697.37
AB
NgoN D”—( W )—5051
ReNSc g = DappL = .
(Ca = Cao) 23
——— — 5.5( ) = 5.5(505.1)7%/3 = 0.0867
(Cai — Ca0) DyppL
(C4—0)
= 0.0867
(0.02948 — 0)

C, = 2.556 X 1073 kg mol/m3

(Cai — C) iy = (Cai = Cao) = (Cai = Cp)
In[(Cy; — Ca0)/(Cai — Ca)]
(0.02948 — 0) — (0.02948 — 0.002556)
- In[(0.02948 — 0)/(0.02948 — 0.002556)]

Cross-sectional area of the tube; A, = %(Dc)2 = %(0.00635)2 =3.17 X 107> m?

3
Volumetric flow rateinm3/s; V = v x A, = 0.1 x3.17 x 107> = 3.17 x 10~ mT

Using the material balance,

kg mol
V(Cy = Cuo) = 3.17 X 1076(2.556 X 1073 — 0) = 8.1 X 109 ~2
V(Cy— Cro) = 81 x 10-279 ™ 19212 —*9  _ 0,989 x 10~ kg /
A AT S " kgmol g/s

Since, NAA = V(CA - CAO)'

Therefore, NyA = Ak (Cy; — Cy)pyy = 8.1 X 109 kgmot

Mass transfer area of tube: A = wD.L =m X 6.35 X 1073 X 5 = 0.09975 m?
Equating, k. X 0.09975 x 0.0282 = 8.1 x 107°
kc=2.87x10"°m/s

=0.0282 kg mol/m3

[[5,]

[[§,]

[8,]




Question:

A tube is coated on the inside with benzoic acid and has the inside diameter of 20 mm
and length L =5 m. Pure water at 26.1 °C flows through the tube at a velocity of 0.20
m/s. At 26.1 , the Dag of benzoic acid is 1.254 X 107?m?/s and the solubility of
benzoic acid in water is 2.948 x 1072 kg mol/m?3. determine

e Nsyand the mass transfer coefficient (write appropriate units)

e Concentration of benzoic acid concentration in the exiting gas stream in
kgmol/m3. (Since the solution is dilute, one can use arithmetic mean instead of
log mean for simplicity of calculations)

(Data: At 26.1 °C for water, Density = 996.7 kg/m3, Viscosity = 0.8718 X 107 3Pa.s

MT Inside Tube Coated with Benzoic Acid

Pressure
T

Meu

Rho

Dc

Ac

Tube Inside Area, A
Uo
V=Uo*pi*(Dc”2)
D_AB (given)

N_Sc
N_Re
C_Ai

C Al
C_A2
C_A_AM

N_Sh

Kc'

A*Kc*C_A_AM

V*(C_A2-C_A1)

(n_Ax)-(n_Ay) 2.94041E-06




Mass Transfer for Flow Outside Solids Surfaces

Mass transfer in flow parallel to flat plates

Example:
e drying of inorganic and biological materials
e evaporation of solvents from paints
e platesin wind tunnels
e flow channels in chemical process equipment

When the fluid flows past a plate in a [ree stream in an open space the boundary
layer is not fully developed. For gases or evaporation of liquids in the gas phase and for
the laminar region of Ny, , = Lup/u less than 15000, the data can be represented within
+25% by the equation (S4)

Jp =0.664N "¢ (7.3-26)
Writing Eq. (7.3-26) in terms of the Sherwood number N, ,
k; L 0.5 173
= NS["L = O'G@NR: L Nsé (?-3‘2?)
D5 '

where L is the length of plate in the direction of flow. Also, J, = J, = f/2 for this
geometry. For gases and Ny, , of 15000-300000, the data are represented within +30%

Jp = 0.036N 02 . (1.3-28)

Experimental data for liquids are correlated within about + 40% by the following
for a Ng. . of 600-50000(L2):

Jp = 099NZO0S (7.3-29)



EXAMPLE 7.3-2: A large volume of pure water at 26.1°C is flowing parallel to a flat plate
of solid benzoic acid, where L = 0.244 m in the direction of flow. The water velocity is 0.061
m/s. The solubility of benzoic acid in water is 0.02948 kg mol/m3. The diffusivity of benzoic
acid is 1.245 x 10° m?/s. Calculate the mass-transfer coefficient k. and the flux (Na).

Solution: Since the solution is quite dilute, the physical properties of water
at 26.1°C from Appendix A.2 can be used.

u=2871 x107* Pa-s
p = 996 kg/m?
D, = 1.245 x 107° m?/s

The Schmidt number is

871 x 107*
Nsc= 996(1.245 x 107%) 702
The Reynolds number is
Ny, = Lvp  0.244(0.0610%996) - 1700 x 10%

n . 871x10 ¢
Using Eq. (7.3-29),
Jp = 099N = 0.99(1.700 x 104~ = 0.00758
The definition of J, from Eq. (7.3-5) 1s
Jp = (N (135)
Solving for &’ , k. = J, v{Ng.)~*?. Substituting known values and solving,
k. = 0.00758(0.0610702) 23 = 5.85 x 10~ ¢ m/s

In this case, diffusion is for 4 through nondiffusing B, so k. in Eq.
(7.2-10) should be used.
ke
N,y= (g1 — Ca2) = kel — c42) (7.2-10)
Xpat

Since the solution is very dilute, xg,, = 1.0 and k] = k_. Also,c,, = 2.948 x
107% kg mol/m?* (solubility) and c¢,, = 0 (large volume of fresh water).
Substituting into Eq. (7.2-10),

N, = (585 x 1076)0.02948 — 0) = 1.726 x 10”7 kg mol/s - m?




Mass transfer for flow past single spheres

For flow past single spheres and for very low Reynolds number, the Sherwood
number (Ng, = k.. D,,/D,z) should approach a value of 2.0. Since

D D
Ny = == (caz — Caz) = ﬁ(cm — Caz) = ke(Car = Caz) = ke(Car — caz) (Why?)
T'l p/
Thus,
D
Kl = AB
D,/2
And

Ngp = (ké Dp/DAB) =2

For gases for a Schmidt number range of 0.6—2.7 and a Reynolds number range of 1-
48000,

D
Ngp, = kéD_ =24 0.552(Ng)*** (Ng) 0?2
AB

This equation also holds for heat transfer where the Prandtl number replaces the
Schmidt number and the Nusselt number replaces the Sherwood number.

For liquids and a Reynolds number range of 2 to about 2000,

D
Ngp = ké@ =2+ 0.95(Nge) " (Ngc)*??

For liquids and a Reynolds number of 2000—-17000,

D
Now = ke g — = 0.347(Np) % (N5) 0
B

EXAMPLE 73-3. Mass Transfer from a Sphere

Calculate the value of the mass-transfer coefficient and the flux for mass
transfer from a sphere of napthalene to air at 45°C and 1 atm abs flowing at
a velocity of 0.305 m/s. The diameter of the sphere 1s 25.4 mm. The diffu-
sivity of naphthalene in air at 45°C is 6.92 x 107 ° m?/s and the vapor
pressure of solid naphthalene is 0.555 mm Hg. Use English and ST units.




Solution: In English units D, = 6.92 x 107%3.875 x 10*) = 0.2682 lt%/h.
The diameter D, = 0.0254 m = 0.0254(3.2808) = 0.0833 ft. From Appendix
A.3 the physical properties of air will be used since the concentration of
naphthalene is low,

p=193x 107 Pa-s = 1.93 x 107°(2.4191 x 10°%) = 0.0467 Ib_/ft-h

1.113
= i 3 = = 3
p = 1.113 kg/m TG 0.0695 b/t

v = 0.305 m/s = 0.305(3600 x 3.2808) = 3600 ft/h
The Schmidt number is

noo 0.0467
pD 5 0.0695(0.2682)

193 x 1078
COL113(6.92 x 1079

= 2.505

NSC =

N, = 2.505

The Reynolds number is

D,vp _ 0.0833(3600)0.0695) _ .
" 0.0467

B 0.0254{0.3048¥1.113)
B 193 x 10°°

NRe:

NR:: = 446

Equation (7.3-33) for gases will be used.
Ngp = 2 4+ 0.552(Np )% (N )M =2 + 0.552(446)%33(2.505)° = 21.0




From Eq. (7.3-3),

Substituting the knowns and solving,

k,(0.0833)
210 ="036%>
_ K(0.0254)
7692 x 1078

k. = 67.6 ft/h

21.0 ki =572 x 107° m/s

From Table 7.2-1,

I I P !
kfc“k:"ﬁ_kﬁp

Hence, for T = 45 + 273 = 318 K = 318(1.8) = 574°R,
K 616
T RT  (0.730573)
- 572 x i07?
ki; =

8314(318)

ki = 0.1616 1b mol/h-ft? atm

=2.163 x 10" ? kg mol/s- m?- Pa

Since the gas is very dilute, yg, = 1.0 and kj; = k;. Substituting into Eq.
{7.2-12) for A diffusing through stagnant B and noting that p,, =
0.555/760 = 7.303 « 10~ % atm = 74.0 Paand p,, = 0 (pure air),

N, =kep, — paz) = 0.1616(7.303 x 10~* — 0)
= 1.180 x 107 * Ib mol/h - fi?
= 2163 »x 107 %(74.0 — 0) = 1.599 x 1077 kg mol/s-m*
* The area of the sphere is )
A = D2 = 7(0.0833)% = 218 x 1072 it?

— (218 x 1073 <3 ,,203)‘ ~ 2025 x 107} m?

Total amount evaporated = N A = (.18 x 107*}2.18 x 107%) = 2.572
% 107 ¢ 1b mol/h = {1.599 x 107 7)(2.025 x 107 %) =3.238 x 107'% kg mol/s




Question 2b (Test 2 Winter 2016 2017):

Mass transfer from a sphere of naphthalene that has a diameter of 30 mm to air at 45 °C and 1 atm. abs.
flowing at a velocity of 0.50 m/s. The vapor pressure of solid naphthalene at 45 °C is 74 Pa. The mass transfer
correlation for flow past a sphere is as follows:

N = 2 + 0.552(Nge) 52 (Ng,) /2

You are given the diffusion coefficient of naphthalene at 27 °Cas D,z = 6.25 X 10°°m?/s. Find
a) Compute the diffusion coefficient of the naphthalene at 45 °C
b) Predict the convective mass transfer coefficient using the above correlation
c) Determine kg
d) Flux of naphthalene from the sphere.
e) Atthe giventemperature, pressure and diameter, what is the minimum possible value
of Ns», and mass transfer coefficient

Data: At T = 45 °C, p=11kg/m®; u=193x10"°Pa-s; Gas Constant, R =
8314m3Pa/K - kg mol, 1 atm = 101.3 X 103Pa;

Solution Question 2b (Max. 27)

5 . 5 <273 + 45)1-75 € 25 x 106 (273 + 45)1-75 oo 10_6m2
= _— = 6. X X | ———— = 0. X —_—
(Daplasc = (Dap)arc 273 + 27 273 + 27 s
Dv
10 Np, = (—p> — 855
u
(u/p)
N, =25
Sc DAB
Ngp, = 2 + 0.552(Nge) %52 (Ngo) /3
N, = 2 + 0.552(855)%52(2.5)1/3 = 27.2
Dp
Ngp, = ki ——
Sh Cc DAB
kl.=N Das _ 27.2 X 6.92x 107 _ 627 x 103 =
¢= Shp, T " 30x10°3 ) s
3 . ke  627x107% 237 % 10-° kgmol
G RT ™ 8314x (273+45) s-m?- Pa
i\ For dilute case; k; = kg
o 9 _, kgmol
Ny = kg(Pay — Pap) = kg(P) —0) = 2.37x107°(74 — 0) = 1.75 X 10 P
5 At the given temperature, pressure and diameter, when velocity is zero; Ny, = 0,
Therefore,
Ng, = 2 +0.552(0)%52(2.5)/3 =240 =2
KL = Ng 4B = 9 x (292X 107 _ 0.46 x 1032
¢S Dy 30x1073 )~ s







