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Abstraet--A Second Law analysis has been developed for a vapor-liquid contacting device as in the sieve 
tray of a di:~tillation column. Using a discrete bubble dynamics model, an equation for entropy balance 
has been fo:rmulated to numerically evaluate the entropy generation rate associated with heat, mass and 
momentum transfer for bubble movement through a moving liquid pool. The entropy generation rates per 
unit bubble mass have been evaluated for variations in sieve tray parameters like orifice diameter and weir 
height for fixed separation characteristics of components constituting the two pfiases. It has been found 
that among the tray parameters, weir height plays a dominant role compared to sieve hole diameter on 

entropy generation. 

INTRODUCTION 

The Second Law Analysis of any process attempts to 
evaluate the entropy generation rate as a function 
of pertinent input parameters. Estimation of process 
irreversibilities from entropy generation rate and min- 
imization of the same through suitable adjustments of 
the process vari~.bles is referred to as the ther- 
modynamic optimization of the process. This analysis 
is of prime importance from the practical aspect of 
efficient use of energy resources. Available energy loss 
in any process should be kept to a minimum, meeting 
the consideration of other physical constraints which 
are used to achieve the overall economy of the process. 
Among all separation processes in the Chemical Pro- 
cess Industry, distillation has the maximum share of 
energy input [1] and hence merits a special focus for 
any possible improvement in energy utilization. Sieve 
trays are used in distillation columns for intimate 
vapor liquid cont~.ct. 

Studies on entropy generation rates for convective 
heat transfer problems in general were extensively 
reported by Bejan [2, 3]. Among the related work 
involving internal flow through simple ducts and typi- 
cal heat exchangers, mention can be made of Bejan 
[4, 5], Golem [6], Sarangi [7] and Nag [8]. A Second 
Law analysis of spray evaporation has also been 
reported by Som [9]. 

Entropy generation effects are associated with sim- 
ultaneous heat, mass and momentum transfer on the 
trays. The fundamental process on the tray is for- 
mation of vapor babbles and their interaction with the 
liquid flowing across the tray. Energy is also dissipated 
due to friction of 'Lhe liquid with the tray internals. 

The studies on irreversibility and their interaction 
with the transport process in the case of bubble move- 
ment on a tray wi!th liquid flowing across the tray is 

important in determining the total loss in available 
energy of a separation process involving distillation. 
No such approach towards an irreversibility analysis 
of the process of distillation on trays is available in 
literature to decide the conditions best suited for the 
process. The present work is an attempt in this direc- 
tion to numerically evaluate the entropy generation 
histories in the sieve trays of a distillation column 
based on the fundamental process on a tray, i.e. for- 
mation of vapor bubbles and their interaction with the 
liquid flowing across the tray. Energy is also dissipated 
due to friction of liquid with the tray internals. 

A large volume of work has been reported in litera- 
ture [10-15] on bubble formation at a single orifice. 
All of these deal with isothermal system without any 
mass transfer and are aimed at predicting bubble size 
and velocity. The basic approach in the literature 
reported varies in considerations of orifice upstream 
pressure variations and other details of modeling. 

Entropy generation is a path function and hence 
the best estimate of entropy generation must be based 
on a model of the process describing the ther- 
modynamic path of changes as closely and correctly 
as possible. The proposed model incorporates effects 
of cross flowing liquid and simultaneous momentum, 
heat and mass transfer across bubble-liquid interface. 
Entropy generation in each step has been estimated 
from the first principles and then integrated for the 
entire process. 

THEORETICAL ANALYSIS 

The irreversibility analysis for the process of sep- 
aration on a single sieve tray as encountered in dis- 
tillation requires information on heat, mass and 
momentum transfer during: (i) bubble formation and 

1535 



1536 S. RAY and S. P. SENGUPTA 

NOMENCLATURE 

a, a bubble radius [m], time derivative of 
bubble radius 

ao orifice radius [m] 
A active area of tray per orifice [m 2] 
A b surface area of bubble [m 2] 
Ao orifice area [m 2] 
Co orifice discharge coefficient ( ~ 0.61) 
Cpl , Cpb , Cpo specific heat of liquid, bubble, 

vapor upstream of sieve tray 
h bubble-liquid heat transfer coefficient 

[j K - l m  2 s] 

hw liquid depth on tray (nearly equal to 
the tray exit weir height) [m] 

km j liquid phase bubble-liquid mass 
transfer coefficient 

kth ~ thermal conductivity of liquid 
mbf final mass of the bubble [kg] 
Mwb, Mwo, Mw~ molecular weight of 

bubble, molecular weight of vapor 
upstream of sieve tray, molecular 
weight of liquid on sieve tray 

n b no. of moles in the bubble 
Nu Nusselt number 
Pb pressure inside bubble [Pa] 
Pl pressure on top surface of liquid [Pa] 
Ap~ bubble pressure due to surface tension 

[Pa] 
pfh, Ply bubble pressure due to horizontal 

and vertical components of viscous 
drag on bubble [Pa] 

Pr Prandtl number 
R Gas constant [J K -  ~ kg- ~ mole- i] 
Re Reynolds number 
s height of the bubble (center of the 

sphere or part of sphere) above the 
tray [m] 

Sc Schmidt number 
Sh Sherwood number 
t time [s] 
T~, Tb, Tbo temperature (absolute) of liquid, 

bubble and vapor upstream of sieve tray 
[Iq 

uj, us velocity of liquid on tray, slip velocity 
of bubble [m s-  1] 

v, e, ~" bubble volume [m 3] and their time 
derivatives 

x,y,y*, x* mole fraction of component l in  
liquid, inside bubble, vapor in 
equilibrium with x, liquid in 
equilibrium with x 

z horizontal drift of bubble (sphere 
center) [m] 

Pl, Pb, Po liquid and bubble density [kg m 3], 
density of vapor upstream of sieve 
tray [kg m -3] 

a surface tension of liquid [J m 2]. 

growth up to detachment and (ii) bubble motion 
through a pool of liquid till rupture on the liquid 
surface. 

The treatment of bubble dynamics prediction for 
constant pressure bubble formation by La Nauze and 
Harris [13] is considered most appropriate. Additional 
assumptions on which further relationships are 
developed, are: 

(1) the system is bi-component; 
(2) the mass transfer across the bubble-liquid 

boundary is equimolal counterflow; 
(3) the bubbles are small and are therefore well 

mixed; 
(4) no bubble collapse or coalescence is considered 

on the tray; 
(5) the mass transfer is liquid phase controlling 

[161. 

The process of bubble formation, detachment and 
movement are shown in Fig. 1. The condition of bub- 
ble detachment is s = a + ao. 

Momentum transfer 
Bubble 9rowth. The bubble grows when the pressure 

inside the bubble (Pb) exceeds the resisting effects of 
(a) liquid surface tension, (b) static pressure and (c) 
drag on the bubble due to relative motion between 

bubble and liquid. Bubble growth imparts momentum 
to the surrounding liquid and also imparts vertical 
acceleration to the liquid column in the tray. The 
second effect is neglected on a tray as the liquid height 
is assumed to remain constant due to the overflow 
over the exit weir of the tray. A pressure balance 
yields: 

p~ - {p~ +p ,  "g" (hw - s )  +po + p ~  +p~v} 

= p, 'hw'e ' /A+p,[a '~i+ 1.5" (a)2]. (1) 

The Ap~ term is given by, 

Ap~ = 2cr(3a+s)/(3a2 + 2a.s--s2) ,  whens ~< a 

and 

Ap, = 2~r/a, when s > a. (2) 

Till the point of detachment, the vapor flows to the 
bubble under the pressure differential of the orifice 
upstream and inside of the bubble. The mass flow rate 
is governed by the conventional orifice equation as, 

rho = Po" d(Mwb" nb)/dt 

= Ao'Co'[2"po'(po--Pb) ' /2/{1--(Ao/A)2}l .  (3) 

The volume of bubble and its derivatives from La 
Nauze and Harris [13] are: 
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t = 0  
s = 0  
a = %  

s - - a  

Fig. 1. The bubble formation sequence. 

ao 
t = t  
s = a + a  o 

when s < a 

v = g(2/3 • a 3 + a 2 "  S - - S 3 / 3 )  

t) = 7c(2a 2 " 6 + 2a " (~ " s + a 2 " ~--  s 2 " ~) 

b" = n[g/(2a z + 2a" s) + 2~t 2 (2a + 2s) 

+ 4a" ~ ' ~-- 2s" .~2 + ~.(a 2 _ $ 2 ) ]  

when s ~> a 

v = 4n/3" a 3 

t) = 4 r c a  2 -  gt 

b" = 4n (2a" ~[2 + a 2 . ~) .  (4) 

Bubble  mot ion.  "['he horizontal force on the bubble 
is due to the ho:rizontal slip velocity ( u ~ - d z / d t )  

between the bubble and the flowing liquid on the tray. 
The resulting equation of  motion is, 

d 
~] (n b " M w  b "dz /d t )  = 0.5Cd " Ah " Pl" ( u l - d z / d t )  2 

(5) 

where, Ah is the cross-section of  bubble perpendicular 
to flow direction. 

Ah = ~za 2 - - a  2 " t a n - l ( a o / s ) - - a o ' S ,  whens  ~< a 

and, 

A h = 7~a 2, whens > a. 
The corresponding equation of  motion in vertical 

direction is therefore, 

d 
(rib " M w b  ds /d t )  := v(pl -- Pb)g 

--0.5Cd" g" a 2" p~" (ds /d t )  2. (6) 

Drag coefficient Ca depends on the bubble Reynolds 
number (Re  = 2 " a ' u s ' p l / p O ,  based on the slip 
velocity, 

where slip velocity, 

us = [(u - d z / d t )  2 + (ds/dt)2] °'5 

and the drag coefficient, 

Ca = 2 4 / R e  when R e  <~ 1, 

Ca = 18.5~Re °'6 when 1 < Re <~ 500 

Cd = 0.44 when Re  > 500. 

Equivalent pressure terms are obtained as, 

Pn, = 0.5Cd • p," ( u , - d z / d t )  2 

and 

Ply = V(pl- -  Pb) " g /a  z --0.5" a 2" p~ " (ds /d t )  2. (7) 

H e a t  transfer  

Thermal  energy balance. Rate of  energy accumu- 
lation in the bubble is the difference between the inflow 
through the orifice along with vapor and the outflow 
through the bubble-l iquid interface. The energy bal- 
ance equation is, 

d 
(nbmWb " epb" Tb) = M w o "  (dnb/dt )  

• C p o ' ( T o - - T b ) - - h ' a b ' ( T b - - T , ) .  (8) 

After bubble detachment, the term dnb/dt  becomes 
zero. 

M a s s  transfer  

C o m p o n e n t  balance. If  the lighter component  is 
denoted as component  1, the accumulation rate of  
component  is the difference between the orifice inflow 
and the bubble-l iquid interface exchange rate. The 
balance therefore yields, 

d 
dt (nb "y) = (dnb/dt )  " ( Y o - Y )  - k i n  1 

• ( X - - X * ) "  A b • p l /MW, .  ( 9 )  

Transport  properties in the liquid phase fixes the Sc  

( =  p~/p~'DAB) and Pr  ( =  Cpl'itl/kth ~) values. Cor- 
responding to these values o f P r ,  Sc  and instantaneous 
value of  Re,  the values of  h and k m 1 values are cal- 
culated through N u ( =  h '2a / k th_O and S h ( = k m  l 

" 2 a / D A B O  expressions [17] given below: 

Sh  = 2. +0.60" Re  °'5 • Sc  ~/3 

N u  = 2. +0 .60-  R e  °5 • Pr  1/3. (10) 

The instantaneous values of  the Mwb,  cob, ob are esti- 
mated from the molecular weight, specific heat of  
components  and bubble composition. 

Simultaneous solution of  equations (1)-(10) with 
initial conditions of  a = ao, v = (2n/3)ao 3, s = 0, 
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a = 0, a = 0, ~ = 0 and dz/dt = 0 [when s < (a+ao)],  
gives the variations of  bubble volume, velocity, 
location, temperature and composit ion with time. 

a benzene-toluene separation column operating near 
atmospheric pressure is considered where the pressure 
drop across the tray is around 0.05 m water column. 

Entropy 9eneration 
The entropy generation rate at each instant is con- 

tributed by: 

sgl = (dnb/dt)" R ' ln  (Po/Ph) whens  ~< (a+ao) 

sgl = 0, whens  > (a+ao) (11) 

bubble-l iquid heat transfer: 

sg2 = h'Ab'(1/T~--I/Tb)'(Tb--T~) (12) 

bubble-l iquid mass transfer: 

sg3 =km j " Ab" (X--X*)" (p~/Mw 0 

• ln[{y*(l--y)}/{y(1--y*)}] (13) 

dissipation of  momentum transferred to surrounding 
liquid due to bubble expansion: 

sg4 = p~" (a" gt+ 1.5" gt2) • v/T~ (14) 

viscous drag on bubble: 

sg5 = 0.5" Cd ° na 2" u 2 "us/Tl (15) 

work done against static pressure: 

sg6 = { p , + ( h - s ) ' p , ' 9 }  "b'/T, (16) 

work done against surface tension force: 

sg7 = Ap, "f(T~. (17) 

Entropy 9eneration due to bubble bursting. The bub- 
ble bursts when the center of  the bubble is at a height 
of  (hw-a)  from the tray. The surface tension energy 
is dissipated as the bubble bursts. The entropy gen- 
eration due to bubble bursting is, 

sg8 = ~r. Ab/(T, "mb0. (18) 

Entropy generation per unit mass of  vapor bubble 
is, 

sb = (1/mbf ) " fl r ( s g  1 q- sg2 + sg3 + sg4 

+ s g 5 + s g 6 + s g 7 ) ' d t + s g 8 .  (19) 

At each time instant the entropy generation rates are 
calculated based on equations (11)-(17), the entropy 
generation due to bubble bursting is calculated from 
equation (18), and the total entropy generation per 
unit mass of  bubble (up to and including bubble burst- 
ing) is calculated from equation (19). 

RESULTS AND DISCUSSION 

The theoretical analysis presented, pertains to 
behavior of  a single bubble on the tray and entropy 
generation estimation based on the bubble-l iquid 
interactions on the tray. 

As a case study, a typical distillation sieve tray in 

Vapor Liquid 

Temperature [K] 361.2  3599.34 
Composition (mole % benzene) 80.097 73.2953 

Average cross flow velocity of liquid = 0.032 m s t 

Bubble dynamics 
Using the theoretical analysis developed, histories 

of  bubble growth, bubble rise, bubble drift, bubble 
temperature and bubble composit ion are predicted for 
a bubble on the tray. These results are shown in Figs. 
2-6. The bubble history can clearly be split into the 
pre-detachment and post-detachment periods. 
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Fig. 2. Growth of bubble radius (a) with time. 
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Fig. 3. Rise of bubble (s) with time. 
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Fig. 4. Horizontal drift (z) of bubble with time. 
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Fig. 5. Bubble composition (y) variation with time. 
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Fig. 6. Bubble Lemperature (Tb) variation with time. 

Bubble growth. The growth of bubble radius with 
time, shown in Fig. 2, is maximum up to detachment, 
contributed mainly by the orifice upstream pressure. 
Beyond detachment, the increase is due to fall in the 
surrounding static pressure as the bubble rises. The 
liquid depth on the tray being small, the reduction in 
surrounding pressure is not very appreciable and the 
bubble growth beyond detachment is quite small. The 
bubble average size (bubble radius) from formation 
to end is 0.0034 m, approximately 2.25 times the orifice 
diameter. This matches the industrial practices of 
adopting the pitch for sieve tray holes around two and 
a half to three times the hole diameter for similar 
hydrocarbon services. To check further, a n i t rogen-  
oxygen tray with 0.0008 m diameter sieve holes in an 
air separation column was also studied. This result 
showed a bubble diameter of 0.0052 m. This is in 
agreement with the practice of having a pitch of 7-8 
times the diameter for the sieve trays in air separation 
column trays using typically 0.0008 m diameter holes. 

Bubble rise. In line with La Nauze [13], the model 
assumes the bubble to grow from a hemisphere to a 
complete sphere. Assuming the bubble dimensions to 
be small, the bubble velocity is taken as the velocity 
of the center of the sphere (or the truncated sphere in 
the initial stage of formation of the bubble). Average 
velocity of the bubble on the tray, as predicted by the 
model is 0.4798 m s 1. Rise of the bubble with time 
for the case considered is shown in Fig. 3. 

Bubble drift. This is due to the drag of the flowing 
liquid on the bubble. The result from the model shows 
that for a liquid velocity of 0.05 m s- l ,  the final hori- 
zontal (drift) velocity attained by the bubble is around 
0.011 m s -~. However, the flight time being small, the 
total drift of the bubble is only of the order of 0.0005 
m. Horizontal drift of  the bubble with time for the 
case considered is shown in Fig. 4. 

Composition change. The bubble composition (mole 
fraction of benzene) is found to change from initial 
value of upstream vapor composition to the final value 
of concentration (in equilibrium with the local liquid) 
and is presented in Fig. 5. Most of the concentration 
change takes place before bubble detachment. High 
mass transfer coefficient around the growing bubble 
and high initial driving force of concentration differ- 
ence are the reasons of this quick change in bubble 
composition. The bubble leaving the liquid pool has 
concentration in equilibrium with the surrounding 
liquid. This corresponds to 100% local efficiency for 
the system. A low tray efficiency in some practical 
cases will be due to inadequate vapor-l iquid contact 
like jet flooding on trays, or on account of liquid carry 
over with vapor. 

Temperature change. Similar to the composition 
change, the bubble temperature change is also almost 
complete by the time the bubble detaches from the 
orifice. Probable reasons for this are similar to those 
already presented in the preceding paragraph. Change 
in bubble temperature with time is shown in Fig. 6. 
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Entropy generation 
The expressions of  en t ropy  generat ion rate on a 

tray due to bubble- l iqu id  interact ions are developed 
as ent ropy generat ion per  unit  bubble  mass in the 
section on  theoretical  analysis. To reduce irreversi- 
bility on the trays, the effect of  t ray design parameters  
namely, sieve hole diameter,  weir height  and  liquid 
cross flow velocity are studied. The var ia t ion  ranges 
are taken within the limits of  practice for the type of  
tray and  service under  investigation.  Effects of  vari- 
a t ion of  sieve hole d iameter  and  weir height are pre- 
sented in Tables 1 and  2. Some general observat ions  
f rom these tables are: 

Before detachment. Approximate ly  55 % of  the total  
irreversibility is cont r ibu ted  by the p h e n o m e n a  before 

bubble  detachment .  Dur ing  this phase  the major  con- 
t r ibutors  are expansion of  the bubble  and  mass t rans-  
fer. 

Beyond bubble detachment. The main  cont r ibu t ion  
comes from viscous drag on bubble  and  m o m e n t u m  
impar ted  to the sur rounding  liquid. 

Overall. Mass t ransfer  is the largest con t r ibu to r  to 
irreversibility and  accounts  for a round  30% of  the 
total. Fr ic t ional  drag on  the bubble  and  work done in 
bubble  growth  against  liquid contr ibutes  a round  24% 
and 42% respectively. W o r k  done dur ing bubble  
growth against  surface tension,  bubble  burst ing,  ori- 
fice flow and  heat  t ransfer  contr ibutes  the rest of  irre- 
versibility. The con t r ibu t ion  of  bubble- l iqu id  heat  
t ransfer  to the irreversibility on  the tray is ra ther  small. 

Table 1. Effect of variation of ao on entropy generation on tray (u~ = 0.05 m s J, hw = 0.050 m, 
xt = 73.295 mole %, yo = 80.097, y* = 87.050 mole %) 

ao [m] 0.00150 0.00200 0.00300 0.00400 

Bubble life time [s] 0.10420 
Detachment time [s] 0.01456 
Bubble radius [m] 0.00359 
Vertical velocity [m s- ~] 0.46103 
Drift velocity [m s t] 0.01146 
Bubble drift [m] 0.05594 

Entropy generation per unit mass of bubble [J K l s- 

0.09329 0.08045 0.07236 
0.01629 0.01895 0.02105 
0.00438 0.00567 0.00676 
0.50976 0.58006 0.63327 
0.00865 0.00572 0.00415 
0.03548 0.01833 0.01096 

kg t] upto bubble bursting 
Due to: 
orifice flow loss 0.02541 0.02022 0.01196 0.00727 
bubble-liquid heat transfer 0.00157 0.00179 0.00226 0.00277 
bubble-liquid mass transfer 0.42697 0.44366 0.46894 0.49480 
viscous drag on bubble 0.35448 0.34175 0.32130 0.30494 
dissipation as liquid momentum 0.30193 0.38490 0.44869 0.42640 
work against static head 0.31958 0.30723 0.28074 0.25433 
work against surface tension 0.01783 0.01412 0.01005 0.00772 
bubble bursting 0.02496 0.02043 0.01577 0.01323 
Total 1.47273 1.53410 1 . 5 5 9 7 1  2.51146 

Entropy generation per unit mass of bubble [J K-  ~ s 
orifice flow loss 0.02541 
bubble-liquid heat transfer 0.00156 
bubble-liquid mass transfer 0.40436 
viscous drag on bubble 0.01602 
dissipation as liquid momentum 0.03217 
work against static head 0.31884 
work against surface tension 0.01775 
Total 0.81611 

Entropy generation per unit mass of bubble [J K t s-  
bubble-liquid heat transfer 0.00001 
bubble-liquid mass transfer 0,02261 
viscous drag on bubble 0.33846 
dissipation as liquid momentum 0.26976 
work against static head 0.00074 
work against surface tension 0.00008 
bubble bursting 0.02496 
Total 0.65662 

kg- J]--upto bubble detachment 
0.02022 0.01196 0.00727 
0.00177 0.00224 0.00276 
0.41914 0.44343 0.47034 
0.02056 0.02963 0.03934 
0.03994 0.04947 0.05316 
0.30649 0.28002 0.25362 
0.01406 0.01002 0.00769 
0.82218 0.82677 0.83418 

kg ~]--beyond bubble detachment 
0.00002 0.00002 0.00001 
0.02452 0.02551 0.02446 
0.32119 0.29167 0.26560 
0.34496 0.39922 0.37324 
0.00074 0.00072 0.00071 
0.00006 0.00003 0.00003 
0.02043 0.01577 0.01323 
0.71192 0.73294 1.67728 

% Entropy generation per unit mass of bubble upto bubble bursting 
orfice flow loss 1.725 1.318 10.767 0.481 
bubble-liquid heat transfer 0.107 0.117 0.145 0.183 
bubble liquid mass transfer 28.991 28.919 30.066 32.737 
viscous drag on bubble 24.070 22.277 20.600 20.176 
dissipation as liquid momentum 20.501 25.090 28.768 28.212 
work against static head 21.700 20.027 17.999 16.826 
work against surface tension 1.211 0.920 0.644 0.510 
bubble bursting 1.695 1.332 1.011 0.875 
Total 100.00 % 100.00 % 100.00 % 100.00 % 
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Table 2. Effect of variation ofhw on entropy generation on tray (u~ = 0.05 m s-% ao = 0.0015 m, 
x~ = 73.295 mole %, yo = 80.097, y* = 87.050 mole %) 

1541 

hw [m] 0.05000 0.06000 0.07000 0.07500 

Bubble life time [s] 0.10420 
Detachment time [s] 0.01456 
Bubble radius [m] 0.00359 
Vertical velocity [m s ~] 0.46103 
Drift velocity [m s -t] 0.01146 
Bubble drift [m] 0.00056 

Entropy generation per unit mass of bubble [J K ~ s l 

0.12592 0.14768 0.15855 
0.01456 0.01455 0.01455 
0.00359 0.00358 0.00358 
0.46112 0.46111 0.46099 
0.01352 0.01533 0.01620 
0.00083 0.00115 0.00132 

kg -~] upto bubble bursting 
Due to: 
orifice flow loss 0.02541 0.02533 0.02521 0.02517 
bubbh:-liquid heat transfer 0.00157 0.00157 0.00157 0.00158 
bubble liquid mass transfer 0.42697 0.42705 0.42713 0.42735 
viscous drag on bubble 0.35448 0.43614 0.51774 0.55849 
dissipation as liquid momentum 0.30193 0.36891 0.43791 0.47224 
work against static head 0.31958 0.38798 0.45633 0.49060 
work against surface tension 0.01783 0.01780 0.01783 0.01781 
bubble bursting 0.02496 0.02493 0.02498 0.02496 
Total 1.47273 1.68971 1.90870 2.01820 

Entropy generation per unit mass of bubble [J K ~ s 1 
orifice flow loss 0.02541 
bubbh~liquid heat transfer 0.00156 
bubble-liquid mass transfer 0.40436 
viscous drag on bubble 0.01602 
dissipation as liquid momentum 0.03217 
work against static head 0.31884 
work against surface tension 0.01775 
Total 0.81611 

Entropy generation per unit mass of bubble [J K 1 s 1 
bubble-liquid heat transfer 0.00001 
bubble liquid mass transfer 0.02261 
viscous drag on bubble 0.33846 
dissipation as liquid momentum 0.26976 
work ,against static head 0.00074 
work ,against surface tension 0.00008 
bubble bursting 0.02496 
Total 0.65662 

kg- l]--upto bubble detachment 
0.02533 0.02521 0.02517 
0.00156 0.00156 0.00156 
0.40442 0.40447 0.40468 
0.01601 0.01598 0.01597 
0.03219 0.03224 0.03226 
0.38697 0.45487 0.48897 
0.01774 0.01774 0.01774 
0.88422 0.95207 0.98635 

kg-~]--beyond bubble detachment 
0.00001 0.00001 0.00002 
0.02263 0.02266 0.02267 
0.42013 0.50176 0.54252 
0.33672 0.40567 0.43998 
0.00101 0.00146 0.00163 
0.00006 0.00009 0.00007 
0.02493 0.02498 0.02496 
0.80549 0.95663 1.03185 

% Entropy generation per unit mass of bubble upto bubble bursting 
orfice flow loss 1.725 1.499 1.321 1.247 
bubbl~liquid heat transfer 0.105 0.093 0.082 0.078 
bubble-liquid mass transfer 28.993 25.274 22.378 21.175 
viscous drag on bubble 24.070 25.812 27.125 27.673 
dissipation as liquid momentum 20.501 21.833 22.943 23.399 
liq col 0.356 0.456 0.559 0.610 
work against static head 21.700 22.961 23.908 24.309 
work against surface tension 1.211 1.053 0.934 0.882 
bubble bursting 1.695 1.475 1.309 1.237 
Total 100.00 % 100.00 % 100.00 % 100.00 % 

F r o m  Table  1, it is seen tha t  opt ing for a larger 
sieve hole d iameter  increases en t ropy  generat ion.  This 
is due to a faster :rate of  change f rom the initial ther-  
modynamic  state to the final state as the life t ime of  
the bubble  is lower with bigger holes. The increase is 
mainly beyond the p h e n o m e n a  of  bubble  de tachment  
and  is cont r ibu ted  most ly  by the m o m e n t u m  trans-  
ferred to the sur rounding  liquid. Fur the r  it is observed 
tha t  the ent ropy generat ion exhibits a maxima,  rec- 
ommend ing  selection of  sieve hole d iameter  below and  
above a specific walue. This is due to decreasing t rend 
of  a as against  the,, increasing t rend of  a for increasing 
sieve hole diameters.  

Increasing weir height  increases irreversibility 

mainly due to increased work done against  the static 
head.  This is shown in Table 2. This increase is dur ing 
bubble  growth,  mos t  of  which is before bubble  detach- 
ment.  Beyond de tachment ,  the increase is pr imari ly  
due to higher  viscous drag on bubble  and  m o m e n t u m  
impar ted  to the sur rounding  liquid. 

Higher  liquid cross flow velocity on  the tray within 
the practical  range increases irreversibility only by a 
small a m o u n t  and  is therefore not  tabled separately. 
The ma in  cause of  increase is higher  frict ional dis- 
s ipat ion between the bubble  and  liquid. 

Apa r t  f rom the bubble - l iqu id  interact ions on  the 
tray leading to ent ropy generat ion,  the other  con- 
t r ibut ion  to en t ropy  generat ion on  a tray comes f rom 
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the frictional dissipat ion due to liquid flowing across 
the tray internals  and  th rough  the downcomer .  This 
dissipation is included in the downcomer  back-up.  

The case of  the tray under  investigation belongs to 
a distil lation co lumn with 8 m 3 h -1 feed of  50 mole % 
benzene and  50 mole % toluene, being separated to 
top and  bo t tom products  of  95% and 5% benzene,  
respectively. The tray diameter  is 0.75 m and  the liquid 
and  vapor  rates are 2441.4 kg h ~ (0.841 1 s 1) and  
3513.5 kg h ~ (91254.3 1 s 1) respectively. At  the con- 
dit ions of  the tray, the en t ropy  generat ion due to 
vapor - l iqu id  interact ions alone amount s  to 1.47273 J 
K ~ kg -~ of  vapor,  i.e. 1.44 J K  ~ s -~ for the tray 
under  considerat ion.  A downcomer  back-up of  0.30 
m is est imated with the operat ing condi t ions  of  the 
tray. Corresponding  to this pressure drop,  the ent ropy 
generat ion rate is 0.0055 J K - t  s ~. This quant i ty  is 
negligible in compar ison  to the con t r ibu t ion  of  the 
bubble - l iqu id  interact ions on the tray. 

CONCLUSIONS 

Conclusions tha t  could be drawn f rom the study 
are: 

( l )  The major  con t r ibu to r  to irreversibility on a 
sieve tray in a disti l lation co lumn for separat ion of  
light hydrocarbons  is the bubble - l iqu id  interact ion on  
the tray. The effect of  interact ion of  the flowing liquid 
with the tray internals  is negligible. To elaborate:  

(a) mass t ransfer  is the largest con t r ibu to r  to irre- 
versibility on a tray. Significant con t r ibu t ion  also is 
f rom drag on bubble  and  work done against  liquid 
dur ing bubble  growth.  The con t r ibu t ion  f rom heat  
t ransfer  is found to be small. 

(b) For  the bubbles  forming at the sieve tray holes, 
most  of  ent ropy generat ion is before the bubble  
detachment .  Mass t ransfer  and  work done against  
liquid dur ing  bubble  growth  are the major  causes of  
ent ropy generat ion at  this stage. Beyond de tachment ,  
the main  cont r ibu t ion  to en t ropy  generat ion comes 
from viscous drag on bubble.  

(c) Fo r  systems of  light hydrocarbons  with sieve 
trays, the local t ray efficiency is expected to be high, 
as most  of  heat  and  mass t ransfer  occurs before bubble  
detachment .  

(d) Predict ions of  bubble  d iameter  using the analy- 
sis developed for bubble  fo rmat ion  with s imultaneous 
heat,  mass and  m o m e n t u m  t ranster  agree well with 
the practices of  selecting sieve tray hole pitch. The 
model  also predicts the bubble  growth  beyond detach- 
ment  to be small. 

(2) Selection of  tray design parameters  like weir 
height and  sieve hole diameters  influences en t ropy  
generation.  Fur ther :  

(a) the effect of  weir height  is dominan t  compared  
to the effect of  sieve hole diameter.  

(b) A lower sieve hole d iameter  and  a lower weir 
height is preferred, subject to the const ra in ts  of  flood- 
ing, dumping,  etc. which may lead to poorer  v a p o r -  
liquid contact ing.  

(c) whereas the increasing weir height shows a 
monoton ic  increase in en t ropy  generat ion,  increase in 
sieve hole d iameter  is associated with a maxima.  It is 
therefore advisable to avoid the hole d iameter  range 
a round  which irreversibility is high. It  may be noted  
tha t  this d iameter  range depends on the propert ies  of  
the system components ,  
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