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Abstract:- In this paper substance transfer rate in the multistage system was investigated. Substance transfer between liquid and gas
phases in a distillation packed column with packing was examined. Substance and heat transfer rate were examined and substance
transfer coefficients were determined. Efficiency of substance transfer were examined by height of transfer units and volumetric
substance transfer coefficients. Based on derived mathematical model the total height of transfer units and individual height of transfer
units for the liquid and gas phases were determined. The investigation was performed by computer simulation and experiments.
Several correlation models for height of transfer units and substance transfer coefficients were studied.
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I. INTRODUCTION

Gas absorption is operation in which one or more soluble
components of a gas mixture are dissolved in a liquid. The
reverse operation called stripping or desorption is employed to
transfer one or more volatile components from a liquid
mixture into gas.

There are three type broad steps in the separation system
design. Data on the vapor-liquid equilibrium relations for the
system are needed to determine to quantity of liquid necessary
to absorb the required amount of the soluble components from
the gas, or the quantity necessary to strip the desired amount of
the volatile components from the liquid. Data of the liquid and
vapor capacity of equipment of the type being considered for
use are needed to determine the necessary cross sectional area
and size of the equipment. Equilibrium data and material
balances are used in combination with fundamental relations
perculiar to the absorption-stripping process to calculate the
number of equilibrium stages required for the separation
desired.

When the composition of a fluid mixture varies from point
to another, each component has a tendency to flow in the
direction that will reduce the local differences in concentration.
If the bulk fluid is either stationary or in laminar flow in a
direction normal to the concentration gradient, the material
transfer reducing the concentration difference occurs by a
process of molecular diffusion. This mechanism, characterized
by random movement of individual molecules, contrasts with the
bulk transport by eddies which occurs in a turbulent fluid.

The theory of molecular diffusion has been the subject of
extensive investigation because of its close relationship to the
kinetic theory of gases. Detailed reviews are available have
provided a valuable critical comparison of the various
correlations which have been presented for the prediction of
diffusivities in gases and liquids, including electrolytes and
nonelectrolytes under a variety of conditions [1]-[6].
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Different theoretical approaches to the description of
diffusion in liquids have been made, depending upon whether
the systems are electrolyte or nonelectrolitic. The available
prediction procedures must therefore be divided into those
suitable for nonelectrolytes and those suitable for electrolytes.
Most studies have been denoted to the estimation of diffusivities
in very dilute solution, although some progress has been made
towards allowance for the substantial variations that occur with
increasing concentration of the diffusing solute.

Material transfer phenomena where diffusion occurs through
the liquid and gas interface has been studied in distillation
columns. A different approaches to the modelling of the packed
column, particularly applicable to binary and multicomponent
distillation, were developed and applied in full-scale tests in
papers[7]-[17]. They put forward the concept of substance
transfer section and defined vaporization efficiencies to
compensate the deviation of each section from an ideal stage.

Ruckenstein [13] solved the transport equations in the liquid
phase without using the two-film model. This was a
simultaneous treatment of heat and mass transfer, but confined to
the liquid phase. Dutkai-Rukenstein [14] abandoned the idea of
thermal distillation and modelled the packed column using only
overall mass transfer coefficients. The mass transfer coefficients
and mass transfer efficiency were investigated by Savkovic-
Stevanovic et.al.[18].

Many types of mass transfer operations are carried out in
either continuous or stage wise columns. These columns are
usually packed with Raschig rings, Pall rings, Berl saddles,
Lessing rings, or other types of packing, to promote intimate
contact between the two phases. Continuous contact is therefore
maintained between the two countercurrent streams throughout
the equipment, necessitating a differential type of treatment.

The preferred method of design involves determination of
the number of transfer unit (NTU) necessary to achieve the
desired separation. Evaluation of the (NTU) requires
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preliminary construction of the equilibrium curve and the
operating lines of the separation process.

Multistage and gas-liquid phase separation modelling is
given in the recent paper [19 ].

Industrial separation processes involving acetic acid continue
to be of considerable interest. Mass transfer between the liquid
and vapor phase of the systems with association in a distillation
column was studied [15]-[17]. The effects of association on the
(HTU) in laboratory and pilot-plant packed distillation columns
are investigated in the papers [18]-[24].

In this paper the substance transfer coefficients and height
of transfer wunits are determined, using effective diffusion
coefficients for acetic acid -xylene. Method for substance
transfer coefficients determination was derived by fitting
operation curve and vapor-liquid equilibrium curve to the
experimental data.

2. SIMULTANEOUS MATERIAL AND HEAT TRANSFER IN

THE MULTISTAGE GAS-LIQUID-SYSTEM

Let assume, in a distillation packed column concentration

gradient is changed only in z direction elements Az, Az,, Az,
, Az, counting from the top to the bottom (Fig.1). Phase

equilibrium between vapor and liquid phases for component i, at

the same point is:

fiV =E, fiL ()
where E; vaporization efficiency at the point. Analogously, for
any section Az; will be:
v o_ L
fji - Ej[fj[ (2)
where Ej; so called vaporization efficiency for any element Az; .

For equilibrium conditions when vapor and liquid phases
pressure and temperatures are equal then,

y = Ejz‘szj/ji(fjli/ /fj];) (3)

If the both vapor and liquid phases can be considered as ideal
_ VgL

Material balance for steady state conditions:

Material balance for the vapor phase of the element Az;; is,

solution, then can be denoted with K i

-1 M
G.,-G, + Ljf 2 N.dz =0 @)
and for the liquid phase,
Zig M
L[ Y Ndz=0 5)
A

Energy balance for steady state conditions
Energy balance for the vapor phase of the element Az;; is:

GyuH,—GH,+|. ’:liNidz— ["0dz=0 ()
{A Zi

JHT
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Fig.1 Substance transfer in the gas-liquid sytem in packed
bed

Energy balance for the liquid phase which including liquid phase,
liquid film, interphase and vapour film and reaction heat of the
element Azj; is:

L h_ ~Lh, j“ZNdz j”‘QGdz @)
d
Gl ~GH, +J7_”ZNHdZ—J7 " Qdz= (UG’ )

Energy balance for the liquid phase which including liquid phase,
liquid film, interphase and vapour film and reaction heat of the
element Az;is,

ﬂ%“)

~Lh, +j“Zthz—j“QGd ©)

3.SUBSTANCE TRANSFER RATE
Substance transfer driving force between gas and liquid phase
can be defined as:

m ,=-m, (10)
dci,L *

it =k,a(c,, —¢;;,6)Fkalc,, —c,;) (A1)
dCi,G *

i =kga(c,; — ¢ 6, ) Fksalc,s —¢5)  (12)

where ¢, ,,; and c,;,, mean concentration in the phases

borders and can be approximated with concentration which in
equilibrium with the existing average concentration of the liquid
phase.

The relationship between the overall and individual substance
transfer coefficients is given by the following relation:
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b _ 1, m (13)
kOG kG kL
LS S (14)
2 K m'k

Substance rate between vapor and liquid phase can be defined
as follow:

dN,: Gdyi:dei (l 5)

dN, =kga(y, .., )Sdz=k,a(x, ,; —x,)Sdz (16)

Since, interphase yg and X, uncertain for given location it is
more convention to use over all component transfer coefficient
as following:

dN=k,a(y—y )Sdz=k,a(x" —x)Sdz  (17)

and combining eqs.(lS)—(16) is obtained:
e i N L
il Xl

oﬂxx x)
By integration between top and bottom of the column is determine
total column height Z.

oca&)’ yz

L
kyaS

G dy
koaS™s y, _J’i*

VD

XD dx
["— (19)
X =X,
Integrals in eq.(19) defines NTU —Number of Transfer Unit and
Z/NTU is equal HTU-Height of Transfer Unit.
Relationships between overall and individual height of transfer
unit are given by egs.(20)-(21).

(HTU),, =(HTU), + ™9

—(HTU ), (20)

(HTU), = (HTU), +——(HTU), @
m'G

where mG/L and L/mG, (m=K) are absorption and desorbtion

factors.

4. COMPARISON OF EQUILIBRIUM AND TRANSFER UNIT
METHOD

The equilibrium stage method for charcterization of the diffucty of
separation provides an adequate measure of separability for
distinct substance transfer elements in a counter current columns in
a highly efficient plate column.

On the other hand, the transfer unit method is preferred when
vapor and liquid are in continuous contact, in packed columns and
plate columns which have an efficiency will below 1. The
equilibrium stage method is used often in practice, because
graphical determination of the number of equilibrium steps on the
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y-x diagram is much easear than integration with respect to the
driving force.
The equilibrium curve and the operating line can almost

always be linearized in narrow concentration ranges. The
following relationship is then obtained
mV
6
22
(NTU ), =, — 52 22
(L/G)

In the special case when m/(L/G) —»1 (NTU)og —»n;.
The height equvalent of theoretical plate (HETP) can be defined.
HETP =Z/ n.. (23)

5. PACKED COLUMNS

Packed columns are often used for distillation and gas absorption.
In this paper only distillation will be considered.

In the gas liquid contact in a packed bed column, the liquid
flows down the column over the packing surface and the gas or
vapor, counter—currently, up the column. In some gas-absorption
columns co-current flow is used. The performance of a packed is
very dependent on the maintenance of good liquid and gas
distribution throughout the packed bed, and this is an important
consideration in packed column design.

The choice between a plate or packed column for a particular
application can only be made with complete assurance by costing
each design. However, this will not always be worthwhile,
necessary, and the choice can usually be made, on the basis of
experience by considering main advantages and disadvantages of
each type.

Plate columns can be designed to handle a wider range of
liquid and gas flow rates than packed columns. The packed
columns are not suitable for very low liquid rates. The efficiency of
plate can be predicted with more certainty than the equivalent term
for packing (HTU) or (HETP). Plate columns can be designed with
more assurance than packed columns. There is always some doubt
that good liquid distribution can be maintained throughout a packed
column under all operating conditions, particularly in large
columns. It easier to make provision for the withdrawal of side
streams from plate columns.

If the liquid causes fouling, or contains solids, it is easier to
make provision for cleaning a plate column, man ways can be
installed on the plates. With small diameter columns it may be
cheaper to use packing and replace the packing when it becomes
fouled. For corrosive liquids a packed column will usually be
cheaper than the equivalent plate column. The liquid holdup is
appreciably lower in a packed column than a plate column. This
can be important when the inventory of toxic or flammable liquids
needs to be kept as small as possible for safety reasons. The
packed column are more suitable for handling foaming systems.
The pressure drop per equilibrium stage (HETP) can be lower for
packing than plates, and packing should be considered for vacuum
columns. Packing should always be considered for small diameter
columns, say less than 0.6m, where plates would be difficult to
install, and expensive.

The design of a packed column will involve the following
steps: select the type and size of packing, determine the column
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height required for the specified separation, determine the column
diameter, capacity, to handle the liquid and vapor flow rates, select
and design the column internal features packing support, liquid
distributor, redistributors.

The principal requirements of a packing are that it should:
provide a large surface area (a high interfacial area between the gas
and liquid), have an open structure, low resistance to gas flow,
promote uniform liquid distribution on the packing surface,
promote uniform vapor gas flow across the column cross section.

With continuous contactors, stagewise contactors utilize
intermitten contact between the phases. The stages often take the
form of horizontal plates of varied design, arranged vertically
above each other in the column.

The two phases enter a stage from opposite directions in
countercurrent flow, mix together to facilitate transfer and then
separate and leave the stage. When two phases leave in a state of
equilibrium the stage is said to be an ideal or theoretical one.
This concept has been extended to packed columns by defining
the height, of packing, equivalent to a theoretical stage such that
the streams leaving this section are in equilibrium.

The number of theoretical stages to which this packed column
is equivalent is given by the broken-line stepwise construction
between the operating and equilibrium curves.

6. EXPERIMENTAL SECTION

The experimental setup has shown in Fig.2. The experimental data
were obtained in a ordinary glass “Normag” distillation column
with a packing height of 1000 mm and a diameter of 33 mm. The
average diameter of packing particle Rashig rings 0.4x0.4 cm. The
bed void fraction was 0.60, and the specific surface of packing
0.01609 cm’/ cm’.

The batch distillation unit is controlled by the acquisition
block. “Normatron” was connected for reflux flow rate control over
microprocessor. Sensor for pressure drop and temperature sensors
Pt-100 were used.

The experiments were carried out by batchwise distillation
operation and were semi-continuous in adiabatic conditions. The
compositions of the distillate and the bottom product were
determined by refractometer.

The distillation was carried out at the atmospheric pressure. The
charge consisted of 90mol% acetic acid and 10mol% p-xylene.
Holdup on each stage was 0.2 mole, for total condenser and
reboiler 2 moles. The distillation was performed at different flow
rates through the column. The hydrodynamic characteristics with
Rashig rings were determined and shown in Fig.3. The optimal
flow rate through the column was established at 0.56 m/s.

The integrals in equation (19) are evaluated by numerical
integration. Information for this procedure is obtained from the
equilibrium curve-operating line plot on X,y coordonates.

It is often inconvenient to determine interfacial compositions
(y*, x*) corresponding to each point on the operating line, so
overall (NTU) values are frequently determined in preference to the
individual ones.

The evaluation could be performed by numerical integration.
This would require equations for the equilibrium and operating
curves. Numerical integration was relaized using Simpon’s rule.
An algorithm was derived and program module was developed in
Fortran programming language.
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Fig.2(a) Scheme of the laboratory distillation column with
temperature and pressure acquisition system

Fig.2 (b) Experimental set up
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7.PACKED CONTACTOR PARAMETERS AND

Ap/z ,m/s VARIABLES
104 In separation processes need to define mixture variables and
8 packed tower variables. The best fitting of those variables gives
6 the optimal process condition. Fig. 5 represents optimal
correlated deriving procedure.
4
Substance transfer efficiency = f (column and packing
) properties, system properties) (24)
10° HTU = f(L,D,.d ,,H) f,(u, p,D,0) (25)
8
6

HETP=ﬁ(L:»Dcadp’mfz(kaanu’p’D’O-) (26)

4 The conflict resolution between f; and /> functions has given
the optimal values for HTU and HETP.

2
107 START
Input data
-1 0 ( LaDC,dp 3HauapscsDaask )3
10 2 4 6 8 10 conditons
WG ,m/s
Fig.3 Pressure drop vs. gas velocity
Fig. 4 shows dependence distillate quality of vapor velocity Correlations for HTU and HETP +—
through the column under infinite reflux ratio R=co. - definition f; and f>
no
X,
mol/mol 0
0.550 e
/_\ Output HTU,HETP
STOP
0.525 Fig.5 Correlation modelling
8. (HTU). and (HTU)g CORRELATION MODELS

Several correlations for packed distillation columns were studied
[20]-[22].

The experimental values (HTU)o. and (HTU)gg were
determined using eq.(18). The (NTU)q. and (NTU)og are given
by the area under the curve between limits of integration and by

0.500 numerical integration were determined.

Height of transfer units were correlated by Sherwood-Holloway
107! o) 4 6 8 10° and Zuiderweg correlat@on models  eqs.(22)-(25)[17]-[18].
Substance transfer coefficients were modelled by Sherwood-

Holloway and Onda-Takeuchi-Okumoto correlation models [20]-
Fig.4 Top xylene composition versus gas velocity for the initial [23] eqs.(25)-(29).

charge mixture 10%mol xylene and 90mol% acetic acid (R=o0)

wg.m/s
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Height of transfer unit:

Sherwood-Holloway:

(HTU), = B,(L/p,)"Sc,” (22)
(HTU), = B,(G™'/ L*®) (23)
Zuiderweg:
(HTU), =CW*¥d "D, g™" (24)
(HTU), =C,Re " Scw ** (25)

9. SUBSTANCE TRANSFER COEFFICIENTS MODELLING
Many correlation models for mass transfer coefficients in
packed columns are reported in the literatue [9]-[11]. Many
authors were correlated own experimental data. Some authors
correlated experimental data from literature by different
correlation models.

In this paper Sherwood-Holloway and Onda - Takeuchi -
Okumoto correlation models were used.

Sherwood-Holloway:
(k,a)/D,

— %(L)l—n SC).S (26)
H,

where a =S, /V (1-¢).

Onda-Takeuchi and Okumoto:

ko, ) =CLla ) (! p DY @D)"*  (27)
(kDRI p)=C(G/ am)" (1) A.D) " @D) ™" 28)

(a,/a)=1-exptl45o,/ 0)"”"Re" F 1’4)'051/1/:12 29)

where

We=L"/p,oa,,
Fr=1I1%a/p,’g,
Re=L/a,u,

w is viscosity, and p is density for the liquid and gas phase were
determined by equations for low pressure ( see Appendix 1), C;
is packing constant, C, Cj;are constants.

Diffusivities D were calculated according to the equations
Fuller et. al for the gas phase and Leffler Cullinan[26]-[27] and
Savkovic-Stevanovic for the liquid phase[18](see Appendix 2).

Vapor pressure, density and viscosity were calculated
according to expressions given in the Appendix 1. Diffusivity
was determined according to expressions given in the Appendix
2.
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10. METHOD FOR PRAMETERS DETERMINATION

The parameters of the investigated correlation models
obtained by minimization method based on least squares [22]-
[24].

The objective functions for height of transfer unit and height
of equivalent theoretical plate were defined as:

[(HTIJ)OGexpf (HTwOGcal-]ZZmin (30)
[(HTU)oLexp.- (HTU) orear.]’ =min (18)
[(HETP)exp - (HETP)cal ]*=min (19)

The objective functions substance transfer coefficients
were defined as:
[kOGexp.' kOGcal~_]2:min (20)
[kOLexp. 'kOLca/-]ZZmin (2 1)
The obtained parameters have shown in Table 1 and Table 2.
For parameters determination in correlation models based on
least squares method an algorithm was derived and
corresponding program modules were developed.
The parameters values in correlation models for (HTU) are
given in Table 1. The parameters for substance transfer
coefficient correlations are given in Table 2.

11. RESULTS AND DISCIUSION

The obtained results for height of transfer units and substance
transfer coefficients are presented in Figs.6 and 7 and Tables 1
and 2. The pressure drop vs. vapor velocity has shown in Fig.3.
The optimal flow rate for the examined column was w=56.2m/s.

The experimental data were given under total reflux (R = 0).

Table 1. The parameters values for the examined correlations for
HTU

Correlation Gas phase Liquid phase
Sherwood B1=0.45 B2=19.2
Holloway n=0.25
Zuiderweg C1=0.25E-02 C2=0.95E-06

Table 2. Parameters values for substance transfer coefficients
for the examined correlations

Correlation Gas phase Liquid phase
Sherwood- Holloway| - B=0.42

n=0.25
Onda-Takeuchi- C;=0.0051 Cs=2.00
Okumoto
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The obtained results for height transfer units for variety flow
rate through the column are given in Fig.6. Fig.6 shows the
experimental values for overall (HTU) for acetic acid —p-xylene
in the both liquid and gas phases vs. liquid flow rate.

The experimental values of the substance transfer coefficients
in the liquid and vapor phase are shown in Fig. 7.

The comparison of experimental and calculated values for
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(HTU)og has shown in Fig.8.

Fig. 9 shows the comparison of experimental and
calculated values for substance transfer coefficient for the
liquid phase.

HTU,cm
(HTU)or
40 (HTU)og -----
30
25
20
0.2 0.4 0.5 0.6
wg , m/s

Fig.6 The values of overall HTU for acetic acid —p-xylene in
the both liquid and gas phases vs. liquid flow rate (R=4)

In Fig.10 the comparison of experimental and calculated
values for substance transfer coefficients in the vapor phase.
The results of modelling of the mass transfer coefficients
demonstrate that the experimental values of the coefficients are
in a good agreement with the calculated ones. Onda et al.
gives better agreement in comparison with  Sherwood-
Holloway.
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10°

0.2 0.4 0.5 0.6
Wé , m/s

Fig.7 The experimental values of the volumetric substance
transfer coefficients for acetic acid — p-xylene in the both
liquid and gas phases vs. flow rate (R=4)

(HTU)og,cm (calculated)

® ,.,""'
30 , .
y ,""",, . ,.",'l'/.,-,.,.
10
10 15 30 45

(HTU)gg,cm (experimental)

Zuiderweg — Sherwood- Holloway

Fig.8 Comparison of the experimental and calculated values
for ( HTU)OG
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kor mol/cm’s (calculated)

d
4
d
) Ondaetal ------- p
10 Sherwood-Holloway—-- —- R
4
8 )
6 P ,,
/’ /I
‘ /, L
4 I,,, I,, -'/
‘ I, /
4 4 M
2 L’ ,/’ "/
. . 7
’I ’/ /.
-3 , ’ .
10 . S,
4 4 .
8 - o,
d 4
6 ./ e 7
,’ ’/ /.
/’ ,/ .
4 R L7 7
, R
,/’ ,’ -
2 2 R
. e 7
10% / S
10 2 4 6810° 2 4 6 8107

kOL,mol/cmzs (experimental)

Fig. 9 Comparison of the experimental and calcultaed values

for substance transfer coefficients in the liquid phase

kog, mol/cm’s (calculated)

107
2 Onda -----
4
10*
8 7 o
6 7 o
4
, //, ////,
o K ’/,,
10° 2 4 68 10" 2 4 68 10°
kog, mol/cm’s (experimental)
Fig. 10 Comparison of the experimental and calcultaed values

for substance transfer coefficients in the vapor phase
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12.CONCLUSION

The substance and heat transfer rate and height of transfer
units are examined, using effective diffusion coefficients. The
substance transfer diffusion coefficients were determined. The
substance transfer coefficients determination method was
derived by fitting working curve and vapor-liquid equilibrium
curve to the experimental data.

Efficiency of the substance transfer by (HTU)/(NTU)
methods for binary systems were investigated. The overall,
individual and component transfer coefficients were
determined.

Scherwood-Holloway and Zuiderweg correlation models
for (HTU)/(NTU) and Scherwood-Holloway and Onda-
Takeuchi-Okumoto models for substance transfer coefficients
were studied. The obtained results show good agreement
between experimental and calculated results.

The obtained results in this paper can be applied in others
multistage, multiphase domain.

Acknowledgement. The authors wish to express their gratitude
to the Fund of Serbia for Financial Support.

Appendix 1

Vapour pressure determines according to equation:

lgP, = A4 —> (AL.1)
(C +1)

where for acetic acid A= 15.6699, B= 1082.1, C= 698.09, and
for p-xylene: A= 6.99052 , B=1453.430 ,C=215.307 at
atmospheric pressure.

Viscosity can determine according to equation:

U= L (A1.2)
(B+1)"
where for acetic acid A=267.814, B=112.207, n=2.0492,
for xylene A=19.395, B=115.66, n=1.6400.
Viscosity of the mixture acetic acid-p-xylene has calculated
according to following equation:

u, = x, p!'"7+ x,u,"” (A1.3)
ﬂ — Mmix (A14)
¢ lel + ‘x2M2
H, M,

Density of the pure component in dependent of temperature:

o, =[p. +10%a(t =1 )+10° Bt —t,)* +10° p(t—1,)’ 1+ A(A1.4)

where for acetic acid:

p,=1.0724 g/cm’ t=0°C,a = —1.1229 ,
B =0.0058 ,y=-2.0,A =0.001
for p-xylene: p = 0.88151 g/cm >, t=0°C,

a =0.8515, p=-0.109,y=-1.73,
A = 0.0005 ,and tis temperature °C.

Issue 4, Volume 6, October 2011



WSEAS TRANSACTIONS on HEAT and MASS TRANSFER

For the mixture acetic acid — p-xylene equation for
determination of the density of binary mixtures at low pressure
were used.:

M

D, = mis (AL.5)
lel + x2M2
P P
_IM,y, +M,y,) (AL6)
¢ 22 4T
Appendix 2

Diffusivity was Dy calculated according to equations of

d In 71)

(D) =(D5)* (D))" (1+
dIn x,

(A42.1)
Leffler-Cullinan et.al.[26],[29].

Diffusivities D1,” and D,,° were calculated by the
equation of Lusis-Ratcliff.

Dy, u,

+ 9142,
\%

2

=[8.52 10™v,""7(1.40 (Vi)(lxs)
Vl

where v is mole fraction and T is temperature.

Activity coefficients for binary systems of the  examined
Iny, =—In(x +A x,)+x w Ay A23
a 0 +AX,) z(x] Ax A +x2) (A2.3)

mixtures were calculated by Wilson's correlation: .

where 7y  activity coefficients, A; Wilson's parameters for
binary systems acetic acid-p-xylene which were fitted from
experimental data are A, = 1.48996 A, =0.06772.

Notation

a- interfacial surface per unit volume, cm*/cm’

ai-total surface area of packing per unit volume, cm’/em’
B,,B, -constants

CTacl,CZ, C3,C4—c0nstants

D-fluid diffusivity, cm*/s

d.—column diameter, cm

D, Dg-diffusivity of the liquid and gas phase,
respectively, cm?/s

D,-diameter of packing, cm

E-vaporization efficiency

f-fugacity

G-gas flow rate, mole/s

g-gravitational acceleration, cm/s”

H-enthalpy of the liquid phase, J/mole

h- enthalpy of the vapour phase, J/mole

HTU- Height of transfer unit, cm

(HTU)_ , (HTU)g- height of transfer unit over the liquid
and gas phase, respectively, cm

K- equilibrium constant
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ki kg, individual transfer coefficient for the liquid and
the gas phase, respectively, mol/cm’ s

ko, ko, overall substance transfer coefficient,mol/cm’ s
L-liquid flow rate, mole/s

M-total number of component

m’- equilibrium phase ratio(=cr /[1 + (& — 1)x]*)
m' -amount of substance transfer

N- total number of molecules

n-constant

n .-number of theoretical plate

NTU-Number of transfer unit

Q-heat

R-reflux ratio

Rg-gas constant

Re- Reynolds number (= pd W/ pt)
Sc- Schmidt number (= &/ ¥D)
Sh- Sherwood number (= kd . /D)

S-radial column surface, cm?

2

S, packing surface, cm

T-temperature, K

y- vapor composition

y - equilibrium composition
x-liquid phase composition
V-volume,cm’

w-gas phase velocity, cm/s
z- column height, cm

Greek symbols
o- relative volatility
M — fluid viscosity, Pas

p -density, g/cm’
o — surfacetension, N / m

& —bedvoid fraction

Subscript

G-gas

L-liquid

OG-overall liquid phase
OL-overall gas phase
p-packing
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