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Lecture -55
Distillation Column —8

Hello everyone. | welcome you all in this lecture which is 55th lecture of the course Process
Equipment Design and here we are going to discuss distillation column process design. And
if you recall the last two lectures of this course there we have discussed design of plate and
we call it as plate hydraulic design. So, in this lecture we will illustrate the design of plate
with the help of example.
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A distillatiogf columpJs to be designed to separate a mixture of Acetone-Water.
The feed contain w- Wgﬁﬂ\’c@fone and Ace{o'mm by weight purity
is recovered ) The bottom product i ess‘e&ally_w_aw The_maximum
feed rate is 1 OOOkg h and turn down ig 75%? Using McCabe Thiele following
information are obtained: No. of real {rays @ lope of bottom operating ating line
Slope of top operating line \j U

o 7
Physical properties: Base temperature = 100°C; Top plate = 59 °C;
For bottom plate: p,, = 0.7 kg/m?, p, = 960 kg/m3¢ p,
For top plate: p, = 2.15 kg/m?, p, = 760 kg/m*
. = 0.35x103 Nsim?, u, = 10x10 Ns/m2,.0, = 4.8x10 m?s.
olumn specification: Tray spacing £ 600 mmy), hole/active area @

@ o (2 o
So, let us start this. So, here | am having example 10 actually this example number is as per
the problem we have discussed in distillation column topic. So, if you see from the beginning
in distillation column this is 10th example. So, in this example a distillation column is to be
designed. It means we have to design the plate to separate a mixture of acetone water. Feed

contains 4% by weight of acetone.

And from this 95% by weight purity can be recovered in distillate that is the top product. The
bottom product is essentially the water and we can consider that acetone is not available in
water which is the bottom product. So, the maximum feed rate here is 15,000 kg per hour

75% is the turn down ratio. So, minimum flow rate should be 0.75 into 15,000 of the feed.



Using McCabe Thiele method, following information we can obtain like number of trays are
18.

Slope of bottom operating line is given as 4.5 and slope of top operating line is given as 0.6.
So, as far as these slopes are concerned for top operating line it should be L / V and for
bottom it should be L dash / V dash. So, along with this we have some physical properties
also such as base temperature and top plate temperatures are given. For bottom plate and top
plate properties are given.

So, here you should keep in mind that surface tension is 16 into 10 is to the power — 3 and at
top temperature it is considered as 25 into 10 is to the power — 3 Newton per meter. Other
properties are given like this and column specification that is tray spacing is mentioned as
600 mm and hole to active area is 8% or that is 0.08. So, in this way you consider the
complete problem for plate design and what we have to estimate let us see that.
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Estimate the following for bottom plate:

1. Column diameter v/

2. Type of liquid flow pattern v

3. Downcomer area, net area, active area, hole area, weir length, weir height,
hole diameter(fo. of hole : -
Check weeping and entrainment ©
Perforated area v

Pressuredrop v/

Downcomer liquid back-up v

I Oy i

@ o it cons
First of all we have to calculate column diameter then decide liquid flow pattern and then
decide the plate layout that is downcomer area, net area, active area, hole area, weir length,
weir height, hole diameter and number of holes. After that weeping and entrainment
condition should be checked and maintained if these are not within the permissible range and
next we have to find out perforated area then the pressure drop and then downcomer liquid

backup.



So, you see all these parameters we have to calculate. So, these particular calculation should
be carried out for bottom plate not the top plate. So, what change will occur when we
consider bottom plate as well as top plate that we will discuss while solving this problem. So,
let us start with column diameter calculation, but before that we have to find out vapour
liquid flow rate in top region as well as bottom region. So, let us see that.
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£ %677 Ly = 45V,
b V' = 4105263 kg/h
D 0.04+15000 L' = 18473.6835kg/h
Top product = T 631.579
% 06 Y ' l/ ok V/v Column diameter: y
R = 06R+06 A /v % FLVbottom —@’ 45 J 0125
. =@ -4 Y ‘- 215
Ve (R+1)D = 631579(3/2 +1) Fuytop = —[- 0.6(V=-) = 00319
SISBHUTS. Y
Bottom product = 15000 - 631. )79@
Slope of bottom operating line = % =45
m
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Now when we consider the distillate that is basically the top product in this we can make the

balance like D into 0.95 that is 95% of acetone is recovered and in the feed 4% is available so
that should be 0.04 into 15,000 that is the total feed. When you solve this you can find out
you can find out total top product as 631.579 kg per hour and here we are givenby R/R + 1
as 0.6.

How we can consider this because top operating line slope is given to us that is L / V should
be 0.6. So, here we can consider L / L + D we can write V can be written like this. So, further
if I consider L / D divided by L / D + D / D we can simply show itas R/ R + 1. So, that
should be equal to 0.6. From this we can calculate the reflux ratio that is R and it should be

1.5 and so we can calculate vapour flow rate in top section.

So, that should be R + 1 into D so value should come as 1578.9475 kg per hour. Now, if you
see total feed available to us is 15,000 from which this much we can recover through this
distillate. So, this much we can obtain as bottom product. So, further we have to find out flow
rates of liquid as well as vapour available at bottom section of the column. So, let us see how
to find this.



We are given the slope of bottom operating line and that should be L m dash / VV m dash and
when we make the balance L dash should be equal to V dash + B. So, L dash we can consider
over here V dash we have to find out and this bottom flow rate is already we have calculated.
So, considering this you can find out V m dash as well as L m dash as these values. Now,
once | am having the flow rates of liquid and vapour at top of the column and bottom of the

column I should start the calculation of column diameter.

So, for that we should find out FLV value and then we will further calculate other parameters.
So, let us start the calculation. As far as column diameter is concerned FLV we should
calculate at bottom as well as at top and the expression is given like this. Now, if you see L w
/' V w at bottom as well as at top. So, these are nothing, but the slope of operating line. So,
that we can consider as 4.5 properties are given to you. So, you can calculate FLV bottom
0.125 and top 0.03109.
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— pl = pv v
Given tray spacing = 600mm up = ky 0
Basek, v
Topklzo.-\/ Vg 960 - 0. v
Correction for surface tension_ Bﬂf = 0.1065 07 = 3.9425

v

Base k; = 0.095(‘@F «09
WA \&D
=0.1065 = 0.1129
2

-3 0.
Topk, = 0.12 (ZSXIO ) 09 Design for 85% flooding at phassflow rate
b= 0.02 ‘ Base @, =(0.85)+ 3.9425 # 3.

3351le
=019 , Top, = 0.85 * 2.1195¢4 18016/

v

. W t0oRKeE :::‘v:vﬁvlroln counst
Now, once you have the FLV value at top as well as at bottom. We should further find out

factor K 1 and all these values will be required to find out flooding velocity.
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So, let us see how to see the value of k 1. This is the graph from which we can find out k 1
value and if you see as far as tray spacing is concerned it is given as 0.6. Now, if you see
FLV value at top of the column so that should be 0.03 which we have just calculated. So,
here we must have the 0.03 value and if we consider this we can find out k 1 value

corresponding to 0.6 spacing as this.

So, value you can obtain as 0.12 at the top and similarly you can see the value of k 1 at the
bottom. Now, once you have this k value from the graph you can correct this. Why you have
to correct? Because surface tension of the liquid is other than 0.02 and here we should also
consider the correction factor for hole to active area ratio because it is given as 0.08.

However, for this graph 0.1 is considered.

So, let us say the k 1 value at top as well as at bottom. So, | am having bottom k 1 this is the
value of k 1 and here we have the correction factor for surface tension because 60 into 10 is
to the power — 3 is given and 0.02 is the value for which that graph is obtained and further 0.9
because this is the hole to active area correction factor. So, corrected k 1 we can obtain as
0.1065 for the base or the bottom.

And for the top we can find the k 1 corrected as 0.1129 and once | am having the k 1 value
we can obtain the flooding velocity at bottom as well as top. So, this is basic equation for the
flooding velocity. At the bottom we can use corrected k 1 and so the properties at the bottom
and we can find flooding velocity at the bottom as 3.9425 and similarly I can find flooding

velocity at the top which is coming as 2.1196.



So, these are basically the flooding velocity you have to fix the minimum vapour velocity and
that should be 85% of flooding velocity because the recommended range is 80% to 85%. So,
I am considering 85%. So, the vapour design velocity we can consider as 0.85 into the
flooding velocity at bottom as well as at top. So, design velocities are given as 3.3511 at
bottom and 1.8016 at top.

So, these are basically velocity of vapour and we consider this as a design velocity and now
we will see the volumetric flow at top as well as at bottom.
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As first trail take down comes area as 12% of total
0.4861
Max \olumetru ﬂow rate Bish = == 05524 ¥
Base = —. 01132 I S
@' 0528 Top = g5 =

0.7+3600 = 16291 y? Column diameter:

Top = 10> 204 s 05524 x 4

= 21543600 Ragpis oDt

Net area required: 5 L
1.6291

Bottom = ——— = 0.4861 0.1286 x 4 v
33511 ) Top = = 0.4046m

0.204 T
Top = —— = 0.1132
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So, as far as volumetric flow of vapour is concerned we have to consider the mass flow rate
which we can obtain by balancing which we have already done in previous slides. So, at the
bottom mass flow rate of the vapour is obtained as 4105.263 it is divisible by density at the
bottom and this is for conversion of hour to second. So, we can obtain volumetric flow at the

bottom as 16291 meter cube per second.

In the similar line at the top we can obtain volumetric flow as 0.204 meter cube per second.
So, once | am having the volumetric flow rate of vapour as well as vapour velocity we can
obtain the net area. So, let us see how the net area is coming into picture. For this let us focus
on the cross sectional view of the column and net area is basically this area that is the hole

area of the plate.



However, if we consider the holes these holes will be present in active area only. So,
whatever vapour is coming from the bottom it will pass through these holes only. So, if
vapour is coming from the bottom it can be covered by this hole plate. There is no doubt that
it will enter from these holes only, but it will spread throughout this plate and therefore we

should consider net area which is this area.

So, net area is basically volumetric flow divided by the velocity of vapour. So, division of
this will give the net area and at the bottom net area can be obtained as 0.486 and at the top it
is obtained as 0.1132. Now, once | am having the net area how should | obtain the column
area? Column area can be obtained by considering downcomer area. So, usually downcomer

area is considered as 12% and which is this.

So, once | know this net area and 12% downcomer area if | divide net area by 0.88 | can
calculate the column area. So, at the bottom column area can be obtained as 0.5524 and at the
top it can be obtained as 0.1286 and so simple calculation gives the column diameter at
bottom as well as top. However, if you focus on the distillation column or the absorption

column diameter does not change along the height diameter should be same.

So, what we have to do over here whatever diameter is larger in value that we should choose
as the column diameter. So, in this case column diameter should be 0.8386. So, what we have
to consider over here that whatever will be the location of the plate either it is top or the
bottom. Column diameter calculation should be carried out in both the section and we should

choose the larger value among the two.

However, from here onward hole calculations will depend on the location of the plate. So,
from here onward all calculation will be carried out for bottom plate only. So, let us start that.
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A4 = Down comesarea &~
L = 0.12x0.5523 = 0.066 m* v __—
Max vol Of]lq rate = - m m)= Netarea = A_.- Ay = 04863 m
3600*(pL)bonom 2= Activearea = A - 2A 2\
104736835 = 04203mi YV ’
g S g 0,066 ,
3600 960 T x 100 = 15523 x 100 = 12
=534+ 107 N ' '
Cross flow single pass D= 0.77
- : c
Provisional plate design L =077 XD
. _ _ W C
Golummiameter = Dy = 0.23386m Weir length 1, = 0.77 x D =0.64m
m
Column average = A, = TC = 05523 m?
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So, next what we have to calculate? We have to find out the liquid flow pattern and for that |
should focus on this figure. So, if you see here I am having liquid flow rate that should be in
meter cube per second and on x axis we have column diameter. So, as far as column diameter
is concerned it is basically 0.83 so somewhere here it will fall and as far as that liquid flow

rate we should consider this L m dash because now | am focusing on the bottom plate.

So, at the bottom liquid flow rate is given with this value and that should be converted into
meter cube per second. So, the value should be 5.34 into 10 is to the power — 3. So, if we
consider that value will lie somewhere here and from x axis we can trace the column
diameter. So, somewhere it will lie here so that is basically the cross flow single pass. So, that

you can select as the flow pattern.

After that we will carry out the design of the plate or we can consider the layout of the plate
as we can choose the downcomer area and that should be 12% of column area. So,
downcomer area should be 0.66 meter square. Net area we have already calculated, active
area is basically column area minus twice of downcomer area because that you can consider

this section only.

So, in this way we can find active area as 0.4203 and next we have to find out the weir
length. How I can find it? | have been given 12% as downcomer area.
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And we can use this graph. So, corresponding to 12% downcomer area if you see the | w/ D
¢ value it should come as 0.77. So, from here you can find out the weir length which should
come out as 0.64 which is also called as the chord length. So, now we have to decide the weir
height hole diameter and plate thickness. So, let us see that.
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Solution Check entrainment:
Maximum volume flow rate
u, =
Take weir height = m 161 Am (Netarea)
Hole diameter m YTy = 335m/s
Plate thickness = 5 mm / Fiy Bottom=0.1215

Area of the hole = 1. 964 x107° m?

= Ix (00057 v i’l{’ = 2.7 x 107%; well below 0.1
‘ V40" Check weepin
336/ ping:
Numbey of holes = @ L, 184736835

-5

i X = =

_1?4 107, Max:mumllquldrate 3600 3600
= 5.131kg/s

1 V7 Minimum liquid rate at 75% turn down
=0.75%5.131=3.848 kg/s
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As far as weir height is concerned the most recommended value is 50 mm and for hole

diameter it is 5 mm and we can consider plate thickness as 5 mm. So, once | am having the
hole diameter | can calculate cross sectional area of 1 hole and we can find out number of
holes considering hole area divided by area of one hole. So, this hole area value how | can
obtain that this is 8% of active area if you recall the example.



So, this value should be 0.0336 not this. So, consider this value and you can find number of
holes as 1712.79 as it cannot be in decimal. So, complete number should be 1712 because
area is fixed. So, we have to round off the number of holes. So, if you see the problem what
we have to calculate first? We have to check the entrainment as well as weeping condition.
So, let us first checking entrainment condition and to find out the entrainment we should

consider FLV value which | have already calculated.

And the value of FLV available at bottom that I should consider because | am designing the
bottom plate now. And after that | should also consider percentage flooding so that I have
consider as 85%. Now, in some cases what we do like whatever column diameter we have
calculated just we consider the standard diameter available in the market. So, if that you are

considering in that case you have to recheck the value of flooding.

So, that we are considering over here so | have taken 85% as the percentage flooding. So, at
the bottom FLV value is given as 0.1215.
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And we can use this graph. So, as FLV value is coming as 0.12 so that value you can obtain
somewhere here and that should be corresponding to 85% flooding. So, that line will lie
somewhere here. So, considering this we can find out the value and that value will come as
2.7 into 10 is to the power — 2 and it should be less than 0.1. So, here entrainment condition is

satisfied if it is not satisfied you have to change the column diameter.



So, for that purpose you can change downcomer section because you cannot play with
volumetric flow. Another thing which you can change is the flooding percentage. So, next is
we have to check the weeping condition and for weeping condition | have to calculate
minimum liquid flow rate. So, if | consider the maximum liquid flow rate so that value is

available over here.

This we can obtain by balancing the mass and further we can obtain maximum liquid rate as
5.131 kg per second considering 75% turn down you can find out minimum liquid rate as
3.848 kg per second. And after that | have to calculate the design velocity at which weeping
will occur, minimum design velocity. So, let us see that and to calculate that velocity | have
to find out K 2 factor.

(Refer Slide Time: 22:45)
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For that I should use this graph where h w v can be obtained using this expression. So, let us
obtain that.
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So here I am having maximum how and minimum how as | am focusing on weeping

condition I should consider minimum how. So, 750 and here | am having the minimum liquid
flow rate which we have seen in the last slide and this is basically the density and 0.64 is the
chord length which we have already calculated previously. So, 25.49 mm how is there so at
minimum rate how and how can be obtained as 75.49.

(Refer Slide Time: 23:31)
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And for that value you can see the value of K 2 like this. So, that K 2 value you can obtain as
30.7. Now, once you have these values you can obtain minimum design velocity at which
weeping will occur. So, its value should come out as 14.749 meter per second and in this |
have calculated 5 mm hole dia. And further we have to find out the actual vapour velocity.
So, this is basically the volumetric flow of the vapour at bottom.



And this is the maximum we consider the minimum value of that because weeping should be
corresponding to minimum vapour velocity. So, for that | should consider minimum flow rate
as well and that should be divisible by hole area. So, 36.3638 meter per second is the actual
vapour velocity and that is the minimum vapour velocity and this is well above then this

value.

So at present my condition is satisfied. However, if it is not satisfied what you can change?
You cannot change the actual minimum velocity of the vapour because that you can obtained
based on the volumetric flow and that is basically based on the mass flow. So, that you
cannot change. You can change the minimum design velocity and that is given here. So, you
can change different value of hole diameter and decrease this value. So, in this way you
should meet the weeping condition.

(Refer Slide Time: 25:19)
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And next we have to find out the perforated area.
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For perforated area we have to find out this theta c value and for that you can use this graph
Iw / Dc you already know and corresponding to this you can find the value of theta ¢ which is
coming as 102 degree this is not the Celsius over here so that is 102 degree only and how |
can find the perforated area by reducing the unperforated area which is available over here
from the active area.

Now, why I am deducing this area because wherever | am having the calming zone and the
support ring you cannot make holes over there. So, we consider different perforated area in
comparison to active area. So, this angle you have already seen as 102 so this angle we can
consider as 180 — 102 so that is 78. By simple geometry, you can find out this length as well
as that can be multiplied by this thickness so you can find out area of this zone into 2 will

give the area of this zone also.

Similarly, this periphery you can also find out considering pi D so you can find out like this
and when we consider this it should be multiplied by this thickness and twice of that should
be considered. So, considering all these we can find out unperforated edge strip as 0.053 this
is nothing, but the area of support ring and this is the area of calming zone.
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Addition of this should be deduced from active area to find out perforated area. So, Ah/Ap
you can calculate and it should come out as 0.1095 and so you can find out | p / d h so that is
2.8 and which is basically falling within the range that is 2.5 to 4. And next what we have to
calculate is the pressure drop in the plate. So, let us see that.
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So, to find out pressure drop we have to consider the pressure drop on dry plate that is h d,

ho, h w + h o w and hr that is the residual pressure drop. So, let us see how to calculate h d?
So, this is the expression for h d where this uh is the maximum vapour velocity through hole
and this C 0 is the orifice coefficient. So, maximum vapour velocity we can obtain as
volumetric flow of vapour at bottom condition at maximum divided by the hole area. So, you
can consider this value as 48.48 and next we have to find out orifice coefficient.

(Refer Slide Time: 28:44)



Plate Hydraulic Design

v Plate pressure drop:
/}%2 Wd Maximum vapour velocity through holes
0% S&// / A 1.629 —4848T
P :" T 00336 s
D —L # & 0.1095
4 p
L 9 e Plate thickness
i’ = / Hole diameter
4
/ LA C,=0385
don s / / Up ‘ Pv
/ 7z hd = 51 C_ =
om0 i 28.48 pZLOJ il
|7 = 51 () 5= = 12097mm
& 3

And that we can see from this graph like here A h / A p is given which we have already
calculated. Plate thickness and hole diameter we consider as same so 1 will be there. So, if |
consider this A h / A p it is coming near to 10 and so you can obtain value of C 0 which is
coming as 0.85. If you tally it properly it will come out 0.85. So, considering this h d I can
obtain as 120.97 mm.

(Refer Slide Time: 29:23)

Plate Hydraulic Design

Residual head h, = %0
= 13.02 mmliquid v
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Solution

Downgamer pressure loss v/ 5131 \2
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Residual head we can calculate with the constant that is 12.5 mm and its value is coming out
as 13.02. So, total pressure drop in the plate is ht which is addition of all these and value we
can obtain as 215 mm liquid and finally we have to find out the downcomer liquid backup
and for that we should consider the pressure drop in downcomer section and for that hap

should be obtained.



And to consider the maximum pressure drop this value should be minimized. So, we consider
h w — 10 because this value we can consider between 5 to 10. So, hap we can obtain as 40
mm, area under the apron is A a p and that should be | w into h a p and value we can obtain
as 0.0256. We will compare this with the downcomer area which is 0.066 and we consider

the minimum area among these two.

So, we will choose this area. So, considering Am as this we can find out h d ¢ and which is
coming out as 7.2358 mm.
(Refer Slide Time: 30:54)

Plate Hydraulic Design

Solution

POk B ot ey hy ¥ 3, +h,
(R (50+3088)+ 215+ 7.2358 b# 3Ui+h)

=303.1158mm=0.303m

So, let us see the backup in the downcomer and that can be given by h b. We will add all
these values and find this h b value as 0.303 meter and that should be lesser than this that is
half of plate spacing plus weir height and that should be calculated considering 0.6 because
that is the plate spacing and weir height as 50 mm. So, if you calculate this 0.303 will be

lesser than half of this.

So, we consider that tray spacing is acceptable otherwise we need to change the tray spacing
and then you have to start the calculation again from the column diameter because k 1 factor
will be changed which we have consider in flooding velocity. So, accordingly what changes
will be there that you have to consider from the beginning. And next we have to find out the

residence time in downcomer section.

And this is the expression for that considering values over here because all values you know

you can find out residence time in downcomer section as 3.74 which is more than 3 second.



So, here we consider that design of the plate is satisfactory. And wherever the conditions are
not met whatever changes you have to do that | have already explained. So, in this way you
can design the plate for a distillation column and this plate is basically sieve plate which we
have considered.

(Refer Slide Time: 32:45)
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And here you can find some of the references to study about the plate design in detail.
(Refer Slide Time: 32:50)

Summary of the video

v’ Methods to compute column and plate efficiencies are discussed.””

v Contact of vapor and liquid over the plate is discussed.

v Different types of plates used in distillation column are described with
respective merits and demerits.
v I.iqgiti flow pattern, plate construction and downcomer are discussed.

v Operating ranges of different conditions are discussed.

v Plate design procedure is discussed with detailed explanation of each step.

V' Design of plate is illustrated through'worked examples,
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And now we are summarizing the videos and this summary is the video which we have
covered in this week. So, summary of all these videos is in these lectures method to compute
column as well as plate efficiencies are discussed, contact of vapour and liquid over the plate
is discussed, different types of plates used in distillation column are described with respective

to its merits and demerits.



After that liquid flow pattern, plate construction and downcomer are discussed and then we
have described the operating ranges of different conditions and further plate design procedure
is discussed with detailed explanation of each step. And finally we have designed the plate
with the help of example. So, in this way you can complete the process design of the

distillation column and here | am stopping this lecture. So, that is all for now. Thank you.



