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ABSTRACT

The effects of heat and mass transfer on selectaitd
mass fluxes in falling film evaporation of binaryixture on
vertical surface, in the presence of inerts in @as helium)
and liquid (glycol) phase were investigated. Thehematical
model of the process with different simplifying asgptions
concerning heat and mass transfer was elaborateuinherical
calculations mass transfer resistances both inagaks liquid
phases were considered. Experimental study wasrpezfl for
2-ipropanol-water system in the wide range of cotregions
and temperatures. The comparison shows small efééct
diffusional cross effects on mass transfer andctieity.

INTRODUCTION

The separation of liquid mixtures is important iramg
industrial processes connected with chemical, pheeutical
production, food processing, dehydration of orgamigtures,
cooling and evaporation [1-2]. Conventional separat
methods like distillation, absorption, adsorptice @xpensive
and in many cases detrimental from an ecologicahtpof
view. In the studied process of diffusion distilbet [3-4] the
binary liquid mixture is evaporated on the heatddetat the
temperature below the boiling point, diffuses tigiban inert
gap and condenses at a lower temperature on tHedctube.
Due to the different diffusivities of individual ogponents
through the inerts both in liquid and gas phase rthigture
separation effect takes place. The thin fallingnél flowing
down the vertical tubes can be applied as an éftetteat and
mass transfer mechanism. In this work the mathealathodel
of the process taking into account heat and maassfer
resistances in liquid on evaporation and condemsatide and
in vapour was elaborated and verified by own expenital
data [5]. The present paper studies the effect oftume
composition, evaporation temperature and presehgeds in
liquid and gas phase on selectivity and efficieircgiffusion
distillation process of binary mixture. Approxireasolutions
based on the linearized theory have been presantadrature
in a matrix form by Toor [6], Stewart and Probe}, Burghardt
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and Krupiczka [8], Krishna [9], Taylor and SmithOJ1 The
solutions thus obtained are less complex with retspe the
calculated fluxes than the exact solution of MaX@éfan
equations for multicomponent systems (Krishna Stahdart
[11], Krishna and Panchfl2].

NOMENCLATURE

G [Jkmo*K™  specific heat at const. pressure
d [m] diameter of the tube

eq [kwm?] heat flux

F [m?] heat transfer area

G [kmol h] molar flux

h [W m2K?] heat transfer coefficient

hw [msY mass transfer coefficient

H [J kmol?] enthalpy of vaporization

L [kg b mass flux

N [kmol m?s?]  molar mass flux density

p [Pa] pressure

T K] temperature

w [-] mass fraction

X [-] molar fraction in liquid phase
y [-] molar fraction in vapor phase
Y [-] activity coefficient

A W m*K?] thermal conductivity
Subscripts

f interface

¢} gas

| inert

j,k refer to component

| liquid

m logarithmic mean

w wall

Superscripts
‘ refer to condensation side
average value

* refer to equilibrium condition



EXPERIMENTAL

The main part of the experimental setup,
schematically in Fig.1,. is a wetted wablumn consisting of
two concentric tubes (1). The liquid film is introgkd on the
inside surface of the heated outer tube (26 mm,6m) and
partially evaporated in the annular inert gap. Mapads
condensed on the outside surface of the inner(L®&0 mm)
cooled with water and collected in a vessel (2)e Tiguid
mixture is gathered in a vessel @»m which by means of a
pump (4) and heater (5) is returned to the wettall column
(1). Thetemperature of liquid film is thermostated (+0.1°C)
The experiments were performed in isobaric conaitiolhe
temperatures of the falling film, condensate, awplivater were
measured by NiCr-Ni thermocouplesATE=+0.1°C  with
additional calibration with high precision Pt100nser). The
flow rates were measured by flow metaw¢ =+0.2 I/h) and
rotameter AV, =15 I/h). The composition of liquid film and
condensate were measured with a gas chromatographnv
Star 3400 Ax =+0.02) equipped with J&W DB-5 30 m long
column and TCD detector. Condensate flow rate watuated
by measuring condensate volume (with calibratethdgk AV
=+0.5 cm) and timeAt =+1 s. The error of measuring mass
flux density and selectivity were N =#0,25 kgArh) and
S=+0,05 (total differential error method). 2-propbkwater
mixture was investigated in the presence of inartliquid
(glycol) and gas (air, helium, argon). The experisewere
performed for different mixture concentrations, waation
temperatures and flow rates.
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Figure 1 Experimental setup :1-wetted wall column,
2-3 -vessels, 4-pump, 5-heater

MODELS EQUATIONS

The separation of liquid mixtures is performed in a
evaporation-condensation process in the presendeeds in
liquid and in gas phase. The schematic diagrarhephysical
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process is shown in Fig. 2. The condensation coitiposan
shown be determined on the basis of mass and heat balamzkthe
relationship describing vapour-liquid equilibriurithe model
equations are formulated on following assumptions:

< theinert gas in the slot is stagnant and isobaric
* mass transfer in the slot is described by a stetate-
molecular diffusion in one dimensional coordinate

system
e thermodynamic equilibrium is assumed at the liquid-
gas interface.
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Figure 2 Schematic diagram of the process

With these assumptions the heat balance equatidbns o
evaporating liquid film are as follows:

dT, _ oot
l_ZN (Cpl Tf

G aF

6p| TI)

1)
+h (Ty =T)) = h (T, =Ty)
The interface temperatures of evaporating liquidd an

condensate were calculated from Colburn type egufi3] in
which heat transfer through gas layer is treatedoasluctivity

process. The corresponding heat balance equatiams f
evaporating liquid and condensate are as follows:

2/] n-1
hZ(TI _Tf):?(Tf Tg)+ZNJAHJ )

j=1

(T -T)= (T T )+ Z N{AH! 3)
Mass balance equations for evaporating liquid are:
@Gy Gi_ j=1.n 4)
drF drF !

and corresponding (appropriate) relationships fondensing
vapor are taken from:



! dG'
dG|, - Nr |,j - N;
dF dF
According to the layer flow model the interface densate
concentrations at a given cross section were ctkxlas:

j=1..n (5)

j=1...n (6)

Vapour composition on the evaporation and condemsaide
are described by:

j _Ni% p;(T) @)
p

y, _Y%pim) ®)
p

The activity coefficientsy; were calculat*ed by the Wilson
equation [14] and the vapour pressure pfrom Antoine
equation. The molar mass fluxes of diffusing species tirou
the inert gap can be determined from the general solafitdme

Stefan-Maxwell equations, which for n diffusing species and

one inert component can be written in the form [15-17]:

AN

N = hye (D)= ©
ylm

where N =(N;. Np, Noa) , Ay' =(Ay;. Ay, Ay,.) and the

elements of reciprocal matrix of diffusion coefficierin the

gaseous phad®™® are given by :

_ 12 1
pL==3 I = (10)
kK Y iz Dx;j  Dim
jzk
Dt =-—Yk (11)
) yl Dk,J

and the logarithmic mean concentration of inert compbieen
given as:

Yi—Yy
Yim = : y_lYf
In——

Yi 1

(12)

The similar equations can be obtained for diffusBmecies
through inert component in the liquid phase (glyed follows:

~ AX
N:hwn(D)X—

Im

13)

where N" =(N;. Np, Npa) , Ay' =(AX; AXp AX,i) and the
elements of reciprocal matrix of diffusion coeféinots in the
liquid phaseD™ are given by :
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_ 10
D 1 =— Z = (14)
i X iz Dx;j  Dim
jZk
Sy 15
K, j X| Dk,j ( )

where X, is the logarithmic mean concentration of inert
component in the liquid phase.
The selectivity of the process is defined by relaghip

2 [

In general Model | both diffusional and thermaliseances
for evaporating liquid film and condensate film weaken into
account [18-21]. The elements of reciprocal matfixliffusion
coefficients in the gaseous and liquid phaded were
calculated according to Eqs.10-11 and 14-15. In élididonly
diagonal elements of reciprocal matrices in a gas legquid
phase were taken into account.

In numerical calculation the heat transfer coeffitiin the
evaporating liquid film was determined from Churb&e
correlation () [22] for turbulent film:

Nu = 0,0038 Re%* pr % 17)

verified in our previous experiments [19] and Main
correlation fy») [23]. On condensation side Nusselt well known
correlation for laminar film was applied [24]:

Nu = 15Re %% (18)

Mass transfer coefficient in liquid film was calatéd from
Hobler - Kedzierski correlation [25].

To solve the system of differential equations (Bqs4, 5).
the GERK method proposed by Shampine and Watts\J2a5]
used. On each step of integration both interfaealperatures
T; and Ty and interface concentrations and x must be
calculated by solving the set of four nonlinear &@mns (Egs.
2, 3, 9, 13). The calculations were done by usihg t
SOSNLEQ method by H.A. Watts.

EXPERIMENTAL RESULTS

The comparison of measured total
azeotropic composition of 2-propanol-water mixttoeinert in
gas phase (air, helium, argon) is presented irBfgfor inert
gaps width 3,5,7 mm and evaporatiemperatures 30-70 °C

mass fluxes at
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Figure 3 Comparison of measured mass fluxes for air.
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Figure 4 Comparison of measured mass fluxes for helium.
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As can be seen the measured mass fluxes rise with
evaporation temperature and gap width. For helismarainert
gas the measured mass fluxes are almost two tilgherithan
mass fluxes obtained for air. The solid line repngésthe
calculation results according to Model | in theeca$ absence
of inert in liquid phase.

Fig.6 shows the comparison of measured mass flioes
azeotropic concentration of 2propanol-water mixt{inert gap
width 5mm filled with air and different mass contrations of
glycol as an inert in liquid phase) in evaporattemperature
range of 40-70°C.
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Figure 6 Comparison of measured mass fluxes
for inerts in both phases.

Measured mass fluxes increase with evaporation
temperature (respectively 40,50,60,70°C) and deereaith
higher contents of glycol in evaporating mixtureheTl
decreasing of measured mass fluxes with concemtrabf
glycol is significant.

If the binary mixture is evaporated below the lmgjlipoint
in the presence of an inerts component the separatifect
depends not only on the vapour-liquid equilibriunot blso on
different diffusivities of two volatile componenis inerts. In
Fig.7 the separation of an azeotropic binary mixtury
investigated process of diffusion distillation isosvn for gap
width 5mm filled with air as an inert gas and faffatent
concentrations of glycol as an inert in liquid phas
Experiments were performed in evaporation tempegatange
40-70 °C. In this figure measured values of selégtincrease
with concentration of glycol in liquid phase. Fhet90% glycol
concentration measured values of selectivity am times
higher then values obtained without glycol in ldwhase. The
effect of evaporation temperature on selectivity nst
significant in the range 40-70°C.
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Figure 7 Measured values of selectivity for inerts in both
phases

At the azeotropic point and for the compositiomabthat, the
higher volatility of 2-propanol is compensated e thigher
diffusivity of water vapour in air so the mixture can be
separated by diffusion distillation.

CALCULATION RESULTS
In fig.8-9 the experiments and calculations aresgnéed
for inert only in gaseous phase.
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Figure 9 Comparison of calculated and experimental
selectivities for Model 1,11.

The scattering between the calculated and expetahen
values of selectivity lies in the range of aboud¥d(Fig.9).

The best agreement between experiments and cabculat
results was achieved when heat and mass resistandexh
phases were taken into account with all element®adprocal
matrix of diffusion coefficients in the gaseous gphaThe errors
between experimental and calculated values for Inotidels
are presented in Table 1.

1.6 ——
O Model | Tab. 1
A Model Il e
1.2 M Model Average Standard re
= & error deviation
E» 0.8 A Model Il 0.0592 0.081d 0.9818
= Model | 0.0317 0.0463 0.9987
_'U
04 CONCLUSION
Based on Stefan-Maxwell equations and different
0.0 assumptions concerning mass transfer resistandastfinphase
0.0 0.4 0.8 1.2 16 two mathematical models of the process of film evation
and condensation through an inert were elaborated.
Lexp [ka/] In both models the heat and mass transfer resisaincliquid

Figure 8 Comparison of calculated and experimental mass
fluxes for Model 1,11

The comparison of calculated and measured masssflof
2-propanol-water mixture is presented in Figureoghifor the
case when nondiagonal elements of matbX in gas phase
were taken into account (Model I) and when they ewer
neglected (Model I1). For higher values of m#ages the
calculated values are lower than experimental onédse
differences between both models are rather smakmxhigh
values of mass fluxes for which Model | predictgher values
than Model I1.
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films (on evaporation and condensation side) waken into

account. In the simplified model nondiagonal eletaeof

reciprocal matrix of diffusion coefficients in tlgaseous and
liquid phase were neglected.

The results of numerical calculation for both madgive
good agreement with experimental data in the casdbsence
of inert in liquid. Better results were obtained tdodel | in
which diffusional cross effects in gas phase weaien into
account (Fig.8,9).

Selectivity of the process is strongly dependent 25n
propanol concentration at the evaporation side.cCetheulations
based on both models give similar results (FigMdat suggests



that the influence of diffusional cross effects smiectivity in
this case is not significant.
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