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Abstract

Heat and mass transfer operations in agitated vessels have so far been treated mainly in an empirical
manner. In the present investigation an attempt has been made to propose equations for predicting
wall to fluid mass transfer in turbine agitated vessels by considering boundary layer flow.

The model proposed is based on the established radial flow pattern for flat-bladed disc turbine.
Experiments carried out show that the model predicts the concentration variation with time reasonably
well,
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1. Introduction

A knowledge of heat and mass transfer rates in agitated vessels is important for design

Purposes. Agitated vessels are extensively employed in chemicai industry to Increase
heat transfer and mass transfer rates. So far, empirical relations have been emp_loyed
for predicting heat and mass transfer rates in agitated vessels. The design of agitated

vessels is based more on experience than on theory.

Dimensionless group correlations such as

Nsh =J e N) (1)

have been employed to calculate heat and mass transfer coefficients.
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?bm‘{ling solute concentration in liquid when mass ‘trans_ﬁ?l' ey employed in this
N agitated vessels. A flat-bladed turbine impeller with six vanes IS P
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2. Experimental work

Apparatus

Experiments have been conducted in a flat bottomed cyiindricaj giass

acid (solid) solute-water (solvent) system is chosen for mass transfer St:;?e" Sali:cylk
acid is uniformly coated on the inner surface of the wall by melting the ;;;:d ?ah
quantities and pouring on the surface and then allowing the materig| to ls n
the surface. This process is repeated until the thickness of the Oldfy o

_ solid materjg) ;
least 2 mm. The surface is smoothened using blade and emery paper erial fs o

A turbine agitator with six flat blades is chosen for agitation. Four surface baff
have been provided at 90° interval to prevent vertex formation. A fractional Hp
motor (1/20 H.P.), fitted with a revolution counter, is used for driving the agita[‘;]-.
The glass vessel is placed in a thermostat to maintain isothermal conditiops. The
sensitivity of the thermostat is 4 0:1°C. The experiments have been conducted g
29° C. A schematic diagram of the apparatus is presented in Fig. I,

Experimental procedure

The thermostat is set to the desired temperature (29° C), and the vessel is placed i
the thermostat. The agitator fitted with the motor is arranged in the vessel and adjust
such that it is at the centre.
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FiGg. 1. Expei'imental set-up.

1. Liquid surface @ _ 6. Blade of the impeller
2. Impeller shaft 7. Surface baffic
3. Motor 8. Dimmerstat
; 4. Speed counter 9. Salicylic acid coating
5. Thermostat 10. Covering plate
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~he agitator 1S Fun au ‘{he required speed. The speed is adjusted using a dimmerstat
Using @ hypodermic syringe a sample qf 2 ml is taken as soon as the liquid is intro:
juced and this gives the nn_tlal concentration. Similarly 2 ml samples have been coilected
it 5 minute intervals until the liquid reaches nearly saturation concentration. It has
heen observed that in two hours time the liquid attains nearly saturation concentration
The sample is filtered into the sampling tubes while collecting the sampie in order t.;;
avoid any inaccuracy duc to the possible presence of solid particles.

It is assumed that the properties of the solution like density, viscosity are those of
purc solvent at the temperature, at which the experiments have been conducted.

Density of solution = 0-99598 gm/cm3

Viscosity of solution = 0-00818 gm/cm. sec.
Saturation concentration of

salicylic acid in water at 29° C = 0-00264 gm/cm3
Diffusivity of salicylic acid

in water at 290 °C = 1-09 (10-5) cm?®/sec.

3. Development of the model

Equations for unsteady state mass transfer are derived, considering the fiow paiicra of
bquid in the vessel. The flow pattern in the case of a turbine agitated vessel is described

below.

The impeller drives the liquid radially against the wall, where the stream divides
into two portions. One portion flows downward along the wall to the bottom of the
vessel and back to the impeller. The other portion flows towards the _surfa%ce of the
liquid and back to the impeller. The flow pattern would be as shown in Fig. 1.

At fairly high speeds of the impellers, the concentration of the liquid buik may be

Considered 10 be uniform. Thus the total drop in concentration 0ccurs within a layer
lear the wall,
concentration than the liquid buik in

fer, to a considerable extent
I, in addition

The liquid in this layer will be at a higher
the vessel. This liquid layer contributes to the mass trans
% mixing with the bulk of the liquid at the top and bottom of the vesse
10 the convective mass transfer occurring across the boundary layer.

The magg transfer due to the boundary layer mixing is pre dicted Wi tlhe ]:c;pqu
¢ solutions of the momentum boundary layer and concentration bo GRS ac{ ctt:;' ?akf:
tions, Thus, in this study, the mass transfer in the agitated vessel 1s COIISldE:I'Cd —
Place dye to two mechanisms, (1) due to the transfer of mass across the boundary lay

d (2) due to boundary layer mixing.
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Mass transfer due to convection

In an agitated vessel coated with a soluble organic solid on
vessel, the concentration at liquid-solid interface is the satu
‘C’ is the concentration of the liquid bulk at any instant
concentration, then the concentration gradient is (C, — Q).

thf: Inner Surfyce
ration copeany.. . |

Cehtrat
and ‘C; ; ‘eliog, |

If“ A, and ® A, are areas of the vessel wall above and below the Plane of the ;
ler, £y and k,, are mass transfer coefficients respectively for transfer across thcih
y

for the areas considered above, then the mass transfer across the boundary 1
to concentration gradient (C, — C), is given by ¥er

(NT). = A1 ki (C, = ©) + 42k (C, — C) ;
For simplicity in mathematical analysis the upper and lower portions of the vessel ar
considered to be two flat plates with liquid flowing at zero incidence. Hence, the eq

tions applicable for flat plate have been used for the calculation of average mass trapy
coefficient.

The equation for the coefficient of mass transfer across the laminar boundary
over a flat plate is given by :

KL/D = 0-664 (N.)%33 (N,)"S g

Mass transfer due to boundary layer mixing

For the calculation of this quantity, knowledge of volume rate of flow and the a\*tﬂli
concentration of the liquid in the boundary layer is essential. It is assumed that ;
boundary layer developed is in the laminar region. Calculation of the wlum;;w
of flow of the liquid in the boundary layer requires the average thickness ani ‘undﬂ}
of the liquid of the boundary layer. Similarly, the computation of average gitratiﬁﬁ
layer liquid concentration requires the knowledge of velocity profile and cont
profile within the layer.

th towart

g the wall bo ol

The boundary layer thickness increases in axial direction alon 1 the
the top a8

the top and bottom of the vessel from the stagnation point: {%t
of the vessel the boundary layer mixes with the bulk of liquid.

oo
. ix d Dr&kez arc 3
Solutions of laminar boundary layer equations given by Eckert an bounday Jayef

: . : - nid in the
to obtain the average velocity and concentration of the liquid 10

. aiven DY
. s 13 grvel
. The boundary layer equation for a flat plate for constant pressus = "
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qnd the continuity equation 1s
X + whHhy =20 | (5)

Using the method of solution suggested by Von Karman, the velocity profile in the
layer2 is obtained as |

houndary
v 3y Ly
U,=§S_§(S“) (6)
where ., = )
464 - .
)= N ()

-

Similarly the concentration profile in the boundary layer is given bv

— s N3
__Ef.:é(_.t)_' (J_) ()
C—C, 2\ 2 0,

The velocity of the liquid at different locations in the vessel varies from 0-4 to 0-25
times the tip velocity3. The main stream velocity is assumed to be equal to the ‘average
of the two values. Hence the main stream velocity is taken as 0-325 times the tip velo-

city of the impeller.

[n the case of mass transfer, the proposed drop in concentration occurs in the con-

centration boundary layer of thickness * 3, . Hence, it is necessary to ﬁnld the a;e;age
concentration and average velocity within this thickress of the boundary layer. ere-

fore, the corresponding equations are integrated from zero to ‘2, , the concentration
boundary layer thickness.

Thus,
Om
3y ] 3
) f[f‘a"'i(y/“) ] _ o)
U, T B
ﬂI dy
Which gives )
(10)

Where | -
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Similarly
Om
3 |
Cb . Cl 0 .
C = C am
’ [ dy | 1y
0

or

C, = 5/8(C—C) + C,
(13
where ), ’ is related to ‘d’ by4

0/ = 1/1:026(1/Ng,)0-33 (14

The area of flow is then given by

?

where ‘r’ i1s radius of the vessel.

A’ 1s the area of ﬂo*._v of the boundary layer at a point where the mass transfer bou
dary layer thickness is 6,. To evaluate the areas of flow at the top and bottom of
the vessel the corresponding values of g, are to be used in equation (15).

If A4’ and A4," are the areas of flow for the boundary layer mixing for the top ad
bottom layers the equation for unsteady state mass transfer can be written as:

V(dCldt) = Ay ki(C, — C) = A ko (C, — C) + A} Uy, (C;—C)

+ A7 Yo (& — ©) .
Equation (16) can be written, after simplification as
dCldt=(C,—C) M &
where o
M=ky Ay + ky Ay 4 (3/8) uy, (A" + 42)
M is constant for a given speed of the impeller.
Solving equation (17) with initial condition at t =0, C = Cy we oDl (19
C=e¥ (C, — C,) + C,

Thus with the help of this equation, it is possible 10

liquid in the vessel at any time for any impeller speed Wit
Streks.

hin the range ™"
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4. Results and discussion

Plots of concentration yersus time have been presented in Figs. 2-6 both from theo-
retical calculations and experimental data. Theoretical calculations are made for the
cases considering both convection and boundary layer mixing together and when convec-

ion mechanism alone is considered.

From the results of the few experiments carried out, it is seen that the experimental
values are comparable at high impeller speeds to the theoretical values, when considering
hoth convection and boundary layer mixing. However, further detailed experimental
work is necessary in order to improve the theoretical approach.

8 Conclusions

A model has been proposed for estimating the solute concentration in liquid when
mass transfer occurs from wall to liquid in agitated vessels by considering boundary
layer mixing, in addition to convection. The results of the experiments show comparable
values to those estimated by this model, especially at high impeller speeds.
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Fic. 5. Change in concentration of salicylic acid with time.
Notation
4 Area of the surface of the wall of the vessel above the level of the impeller
(cm?2)
4 Area of the surface of the wall of the vessel below the level of the impeller
(cm2)
Ay Area of flow of boundary layer at the top of the vessel (cm?)
A Area of flow of boundary layer at the bottom of the vessel (cm?)
C

Concentration of solution at any time t (gm/cc)

G, Average boundary layer liquid concentration (gm/cc)

G Initial concentration (gm/cc)

G Saturation concentration (gm/cc)

d Diameter of the impeller (cm)

g Diffusivity (cm2/sec)

K Mass transfer coefficient (cm/sec)

ky Mass transfer coefficient valid for surface of the vessel above the level of the

impeller (cm/sec)
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FIG. 5. Change in Concentration of salicylic acid with time.

d
ow the k¥
Ka Mass transfer coefficient valid for the surface of the vesse bel

of the impeller (cm/sec)

Ly Length of the vessel above the impeller (cm)'
L, Length of the vessel below the impeller (cm)
Ng, Sherwood number (KL/D)

N, - Reynolds number (U, L p)/u

N, Schmidt number (u/pD)

N.. Prandtl number (C, p/k)

(NT). Mass transfer rate across the boundary layer



! Time (€¢)
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Y
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Main strcam velocity (cm/sec)

Average velocity in the boundary layer (cm/sec)
Volume of the vessel (cm3) |

Distance in the direction of flow (cm)

Distance from the surface in the direction perpendicular to the surface (cm)

fp Viscosity of water (gm/cm scc)
9 Density of water (gm/cc)
3 Hydrodynamic boundary layer thickness (cm)
¢ Ratio of hydrodynamic and concentration boundary layer thickness
' N The concentration boundary layer thickness
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