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Lecture —28
Design of Reboiler-2

Hello everyone. Welcome to the 28th lecture of the course Process Equipment Design and
here we are going to discuss design of reboiler and this topic | have started from the last
lecture that is 27th where we have discussed different types of reboiler, what is the
application of reboiler and how the heat transfer mechanism is taking place inside the reboiler

and respective correlations.

So, let us start the design of boiler and first of all in this category | will focus on kettle
reboiler. So, some points about the kettle reboiler we have already discussed in the last
lecture and here we will revise a few and we will discuss few more points before going to
design part.
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Kettle Reboiler

A kettle reboiler consists of a horizontally mounted TEMA K-shell and
a tube bundle comprised of either U-tubes or straight tubes with a
pull-through floating head.

| ettoms
product

Liquid is fed by gravity from the column sump and enters at the
bottom of the shell through one or more nozzles.
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So as far as you know that kettle reboiler is always placed horizontally it will never be placed
vertically and it contains TEMA K-shell and K derives from kettle. So, this is a specific type
of shell which is used only for kettle reboiler because apart from bundle it also includes the
space for vapour liquid separation. So, this reboiler includes the bundle which may have U

tube or which may have straight tubes.



So, this schematic we also have seen in the last lecture along with this. So, as far as design is
concerned we have different parameters to count. First is the bundle itself second is this weir
and third is this vapour liquid separator. So, if you see what we do usually if I decide the
length of the tube I automatically fix the length of the shell, but in this case bundle and shell

are not related to each other.

If you see the complete length of the shell that is much more than the length of the tubes. So,
length of the shell is again a parameter to be considered in design. So, in this way the
movement of liquid from bottom of the distillation column to the reboiler is through gravity
that point we also have discussed in the last lecture.
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Kettle Reboiler

+ The liquid flows upward across the tube bundle, where boiling takes place
on the extefior surface of the tubes.

+ Vaporand |quId are separated in the space above the bundle, anM

flows overhead to the column, while the liquid flows over a weir and is

drawn off as the bottom product.
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* Low circulation rates make - sceptible to foullng and the over-

sized K-shell is relatively expensive.
| K-shell is re
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So, liquid flows upward across the bundle where boiling takes place on the exterior surface of
the tubes because this is the reboiler which is always placed horizontally and secondly boiling
will take place on outer surface that is in shell side always. There is no combination of kettle
reboiler for vertical positioning as well as tube side boiling and further we can see that vapour

and liquid are separated in the space above the bundle.

And vapour flows overhead to the column while liquid flows over a weir and is drawn off as
bottom product. So, bottom product of the distillation column is collected from kettle reboiler
not the column. So, low circulation of kettle reboilers makes it more susceptible to fouling
and oversized K shell gives higher cost to such type of reboilers in comparison to

thermosyphon and forced circulation.



So, how I can reduce the cost of kettle reboiler? When | am inserting the bundle in the
column only that we also called as internal reboiler if you remember the last lecture. So, in
that case shell is not required only bundle is there which is inserted in the distillation column
and which is completely merged in the liquid, but it has some limitations that also we have
discussed in last lecture.
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Kettle Reboiler

* In this reboiler steam flows through the tube bundle and exits as
condensate. ——

+ The liquid from the bottom of the tower, commonly called the bottoms,
flows through the shell side. —

- Reboiler vapor

There is a retaining wall or
overflow separating the
tube bundle from the reboiler
section where the residual
reboiled liquid (called the
bottoms product) is withdrawn,

so that the tube bundle is kept
covered wit
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So, in this type of reboiler steam flows through the tube bundle and exits as condensate. So,
that you can understand that heating media is always available in tube side as you can see
from here and condensate exits from this side. Liquid from the bottom of the tower
commonly called as the bottom flows through the shell side. So, in this case only shell side

boiling is considered.

There is a retaining wall or we call that as weir it is used to separate the tube bundle from the
reboiler and where the residual reboiled liquid which we called as the bottom product is
withdraw so that the tube bundle is kept converted with the liquid all the time. So, you can
see from here we can get the bottom product. So, as far as kettle reboiler is concerned it has
more residence time because it coverts liquid into vapour and also separates vapour and the

liquid.

So, it has two operation which is taking place in a single unit and therefore liquid should be
there for longer time and because of that it is more prone to fouling. So, what is the limitation
of kettle reboiler? It is like it should use clean fluid not the fluid has high fouling tendency.
(Refer Slide Time: 06:31)



Kettle Reboiler

T Vapor out

* In a tube bundle the vapour rising
from the lower rows of tubes passes
over the upper rows.

+ Thus there will be a tendency for the
rising vapour to blanket the upper
tubes, particularly if the tube spacing
is close, which will reduce the heat-
transfer rate; but this is offset by the
increased turbulence caused by the
rising vapour bubbles.
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Now, if you see this schematic this is basically cross sectional view of kettle reboiler and if
you see bundle is very small in comparison to shell, shell dia is this much and from bottom
we get the liquid from the distillation column and when this liquid come in contact with the
tubes at outer surface of the tubes boiling will take place and here you see continuously liquid

is coming, continuously vapours are formed and the moment of the vapour will be upward.

So, what will happen over here when the vapour moves up it forms a bubble and then only it
is called a vapour. So, when it moves upward within the bundle it joins other bubbles, it joins
with other bubbles and bubble size increases and sometime the size of that bubble is so large
that it covers the space between two tubes which I am saying as the open space for liquid to

move.

That space is usually covered by the bubbles of vapour. However, it will not retain there
because whatever liquid is moving from the bottom or whatever vapour is moving from the
bottom to upward it create sufficient turbulence and break that blanket. So, continuously
vapour is formed, it blocks the tubes and continuously breaking of these bubbles is also going

on. So, the phenomena is very much complicated over here.

And if you see in this diagram we have this line and this line is nothing, but the weir this is
weir and this ensures that bundle should always be available in liquid and in this case because
bundle is in the liquid we call this as pool boiling and when the vapour is formed and moves
upward it also carry some liquid droplet with it and here therefore at this location of the

reboiler we continuously have froth as well as foam.



So, after vapour liquid separation this froth separates and whatever foam is there that is also
separate and completely vapour moves upward like this and liquid is taking to another side of
the weir and exits from that side as the final product. So, as far as design of reboiler is
concerned we have to keep in mind all these point like bundle weir and shell dia. So, in this
way we can understand that mechanism of kettle reboiler as far as boiling is concerned is not
easy.
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Design Procedure of Kettle Reboiler

» Define Duty

} For the fluid placement boiling fluid should be placed in shell and heating fluid

generally steam must be placed in tubes.

» Calculate mean temperature difference

When the fluid being vaporised is a single component and the heating medium is steam (or another
condensing vapour), both shell and tubes side processes will be isothermal and the mean temperature
difference will be simply the difference between the saturation temperatures. If one side is not isothermal
the logarithmic mean temperature difference should be used. If the temperature varies on both sides, the
logarithmic temperature difference must be corrected for departures from true cross- or counter-current
flow.

» Assume value of U
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And we have to start now the design procedure for kettle reboiler and if | ask you what
should be the first step because my purpose is what? My purpose is to convert certain amount
of liquid into vapour. So, the first step of this reboiler is that what is the heat load of the
reboiler and how I calculate that heat load? I should calculate that based on the amount of

vapour. So, the first step is to define duty.

So, you already understand that how much vapour you need to generate and you know the
mechanism of generation of vapour and that is through boiling it means latent heat is
involved over here and what happens further when the liquid from the distillation column
exits and enters into the reboiler it passes through a certain pipe and this pipe has certain

length. So, some heat loss may take place.

And when the liquid entering into the reboiler is it possible that it will reach less than boiling
point of the component because in distillation column bottom liquid is at boiling condition or

it is at boiling point. However, it may not happen when the liquid is entering into the kettle



reboiler. So, if this is the case we have to provide the heat for sensible heating to reach the

liquid to the boiling condition.

And then after that we should consider vapour formation, but here as far as duty is concerned
it is entirely based on how much vapour I am generating. So M into lambda you should
consider over here. Next step is for the fluid placement boiling fluid should be placed in shell
and heating fluid generally steam should be placed in tube. So, here you should not bother
about the allocation of the fluid, boiling fluid should always be in shell side.

So, in this way you allow the fluid to move to shell side or tube side and next we should
calculate the mean temperature difference. Now, here we will have three different cases.
Number one, if | am saying that steam is used as a heating media and in most of the cases
steam only works as a heating media. So, if steam is available it condenses and then transfer

its heat to liquid.

So, what is the meaning of that? In tube side we have isothermal operation. Now what will
happen in boiling side which is the shell side? Let us say, if I am having pure component. So
its boiling point will be one temperature and if the fluid is entering at the boiling point only
vaporization will take place and that will again an isothermal process because it is a pure

component.

And formation of vapour at particular temperature and that is the boiling point of the fluid.
So, in this case liquid which is available in shell side it is also at particular temperature so
isothermal conditions can be obtained in both side of the reboiler. So, if this is the case
difference of these two temperature will give me delta T mean. Second condition is what

when | am having the steam as a heating media.

So, there we have isothermal condition so the components available in that mixture has
different boiling temperature. So, what is the meaning of that? Vapour will take place at
different temperature once the component reaches at boiling condition. It means in boiling
side or shell side we have non isothermal condition and which is like this. So, if this is the
case LMTD you have to calculate because here | am having continuous variation of

temperature difference.



Now third case maybe when | am having any other heating media than the steam and if | am
dealing with mixture of compound as a feed to reboiler. In that case, both temperature
profiles are non isothermal and if this is the case you should consider LMTD along with F t
correction factor. So, you see the problem and accordingly find out mean temperature

difference.

So, if you see this text it is basically explaining the same thing which | have already
explained and after that we need to assume overall heat transfer coefficient value.
(Refer Slide Time: 15:54)
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+ Calculate the area and number of tub€s Q .Q
These numbers of tubes represents number of stra means nur.

of holes in tube sheet and number of U tubes% o
v L

Q Number of tubes =

ar_ e —C

+ Decide number of passes
For condensing steam two passes are sufficient

+  Decide actual tube count and bundle diameter
The bundle diameter &- mewhat smaller
+ Determine the heat transfér coefficient
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Now once | am having the heat duty U value and mean temperature difference | have to find
out area and number of tubes. So, if you remember kettle reboiler includes straight tubes or U
tubes. So, we have to find out number of tubes accordingly. So, as far as area is concerned
that you can find out using this usual expression of heat transfer A = Q / U delta T mean. So,

once | am having this area which is basically the heat transfer area | can find number of tubes

as A should be divided by pi d 0 L as we keep on doing in previous equipment.

So, here again you have to consider L effective instead of L now here some points you have
to keep in mind if I am considering straight tube how you find out L effective? L effective
will be L — twice of tube sheet thickness. However, what will happen when | am having
straight tube usually tube sheet is available only at one side because in between we have

baffle which works as a support plates.



And second tube sheet is not available because | do not have to separate vapour and liquid
mixture through the second tube sheet. It can be done through first tube sheet only so in that
case L effective should be calculated accordingly if one tube sheet is there you have to reduce
the thickness of tube sheet once only. Now, what will happen in U tube? If you consider this

is the tube sheet and this is basically U tube.

And if you know that length of U tube is let us say 10 meter so this is the complete length of
the U tube until and unless it is not mentioned that it is half of the U tube. So, if total length
you are considering what is the meaning of that? That total length enters twice to the tube
sheet. So, if I am considering half of the U tube it is basically called as one leg and it will

enter to tube sheet only once.

So, L effective you have to find out carefully if it is total length of the U tube you should
deduct twice of tube sheet thickness from L to find out L effective otherwise it should be
deducted only once if one leg of U tube is given. Now, further if | ask you and what should
be the number of holes? If you are considering single length of U tube or the straight tube this

should be number of holes not the tubes.

In that case if you are considering U tube number of tube should be half of the number of
holes because only half number will enter in this section and second half will enter to this
section and if you are considering total length of the U tube whatever value you will obtain
that would be only number of tubes and number of holes would be just double to that. So, |

hope these things are clear to you and after that we have to decide the passes.

So, as far as passes are concerned kettle reboiler includes only 1-2 pass. So, there is no much
choice about that and further we have to find out bundle diameter and here slight difference
in approach is there to find out bundle diameter first of all you have to find out actual tube
count because if you remember the last lecture we have discussed that pitch of kettle reboiler
varies then 1.25 into d 0.

So, according to the pitch and according to the number of tubes you decide the bundle
diameter.
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Design Procedure of Kettle Reboiler

+  Calculate the area and number of tuk {3l C.1 Jube Courts bG8
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And the procedure is like you have to refer these standard tables. So, if you see here I am
having table C 1 these tables are available in appendix C of R. W. Serth book and if you see
the title of this table is tube counts for 5/ 8 inch OD tubes on 13 / 16 inch square pitch. So,
here OD of the tube is mentioned and pitch is given. It is not always 1.25 into d 0 and type of

arrangement of tubes is also given.

So, in this way you can find out the suitable table as per your requirement. If U tube is given
you can consider this section where passes are 2, 4 and 6 and here P and S it is basically the
split ring as well as pull through. So, according to the number of passes you can tally the
tubes. Now what will happen? You can decide OD of the tube as we have discussed in

previous lectures and you can decide the pitch and arrangement also.

So, depending upon all these three parameter you will find correct table. In Serth book table
up to 8 that is C 8 table is available depending upon different OD arrangement as well as
pitch. So, let us say | am considering two passes of U tube and number of tubes whatever you
have calculated let us say that is 120. So, actual tube count in this case should be 140
whatever number of tubes available more than whatever you have calculated that you have to

consider as actual tube count.

Now, if you see 140 is the actual tube count you will consider this as shell ID. This is shell ID
as per this table, but this is actually not the shell 1D for kettle reboiler. So, in this way we

consider the shell 1D and you should understand that bundle diameter is slightly lesser than



the shell diameter. So, we usually deduct 0.25 inches from shell ID to find out bundle dia I

hope it is clear.

And if the pitch is given as 1.25 into d O it is triangular or square you can find out bundle
diameter based on the usual approach we have discussed in previous lectures, but however if
pitch is different than 1.25 into d 0 you have to refer these table to find out actual tube count
and corresponding to that the actual bundle diameter. So, bundle diameter will be somewhat
smaller to count that we simply reduce 0.25 inches from the shell diameter which we have
seen in tube count and after that we have to find out heat transfer coefficient.

(Refer Slide Time: 24:10)
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So, as far as heat transfer coefficient is concerned we have already discussed this in last
lecture in heat transfer mechanism where for pool boiling we can use these two expressions.
If properties are available to you in detail you can use this expression otherwise you can use
this expression based on the flux as well as critical pressure. So, in this way you can find heat
transfer coefficient in shell side because boiling is occurring in shell side.
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Design Procedure of Kettle Reboiler

» Assuming appropriate fouling coefficient determine the overall heat
transfer coefficient if it is close to assumed value of U then fine,
otherwise choose another tube specification or choose another overall

heat transfer coefficient and repeat it until a close value is obtained. 30/

» Determine critical heat flux

¢ep = maximum (critical) heat flux for the tube bundle, W/m-,

. [P A 10 Ko7 or square pitch armangements—,
=K I |ﬂ"‘"’” 2 Aor equilateral triangular pitch arrangements,

P = lube pitch
= d, = wbe outside diameter,
Afactor of Safety of 0.7 be N, = total number of tubes in the bundle,
applied to the maximum flux }‘
QA U;f& 17 ‘ Tube holes
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Next step is assuming appropriate fouling coefficient, determine the overall heat transfer
coefficient if it is close to the assumed value of U then fine otherwise choose another tube
specification or choose another overall heat transfer coefficient and repeat it until a close
value is obtained and that close value should be within plus minus 30%. So, till now you have

only calculated heat transfer coefficient in shell side, what about tube side?

In tube side, we usually have steam where steam is condensed and supply its heat. So, in that
case you can consider a specific value like 8,000 which is the heat transfer coefficient for
condensation of steam otherwise you can simply apply the condensation rules in tube side so
that will be horizontal placed condenser and condensation is occurring in tube side. So, in
that way you can find out heat transfer coefficient of tube side then you can find out overall

heat transfer coefficient considering fouling coefficient.

Now, once | am having the overall heat transfer coefficient within the permissible limit next
we have to check about the critical heat flux because if you remember the last lecture there
we have discussed that critical heat flux is very important as when we have more flux than
the critical because when we go beyond the critical heat flux heat transfer coefficient reduces

drastically.

And we should not enter into that region therefore the flux should be less than the critical
heat flux. So, as far as calculation is concerned you can find out critical heat flux using this
expression where different parameters are given like K b value depending upon the



arrangement. So, you can choose the value accordingly p t is the tube pitch and here N t is

basically number of holes.

If I am having straight tube we can consider number of tubes = number of holes, but if I am
having U tube so number of tubes into 2 will be the number of holes so this N t you should
count very carefully. So, here you have to check whether system flux is less than or not. So,
what is the criteria? The criteria is a factor of safety of 0.7 be applied to the maximum heat

flux.

So, whatever g ¢ b we have obtained into 0.7 and that should be more than the system flux.
System flux you can calculate because you already know the heat duty as well as area. So, q
will be fixed and that should be less than 70% of g ¢ b so this condition you have to satisfy
and now we will find out the shell dia.
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+ Now determine the shell ID

The diameter of the Kettle reboiler shell is chosen to provide adequate space
above the surface of the boiling liquid for vapor-liquid disengagement. A rule
of thumb is that the distance from the uppermost tube to the top of the shell
should be at least 40% of the shell diameter. A somewhat more rigorous
sizing procedure is based on the following empirical equation for the vapor
loading

o \% Where, V= vapourloading‘/
VL = 2290 p, (m) vapour and liquittdefsities kg/m*

L= P 0 # surface tension (N/m)
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So, as far as shell ID is concerned it based on some thumb rules and if you consider usually
this shell ID will depend on how much vapour we have to generate because that much vapour
should be separated from the liquid in vapour liquid separating section and then the vapour
should enter into the distillation column. So, in this case we usually consider some
assumption and that assumption is the distance from upper most tube to top of the shell
should be at least 40% of the shell diameter.

What is the meaning of this if I am having this shell and this bundle and let us say this is weir
height. So, this section this height which we usually call as small h this height should be 40%



of D s, but that is only an initial guess. If you follow Richardson Coulson Volume 6 their
shell ID is computed based on this factor only. However, if you follow Serth book there we
have different method to find out shell ID that how much vapour you need to generate

accordingly you have to provide vapour liquid separating section.

So, you see h is equal to 40% of the D s and that is only the initial guess. So, instead of doing
this we need more rigorous procedure to size the shell and for that purpose we compute
vapour loading. So, that vapour loading you can find out using this expression it is also
available in Serth book, but it is not in Volume 6. So here VL is basically the vapour loading
rho v and rho (()) (30:10) vapour liquid densities and sigma is basically the surface tension.
So, if you see the unit of VL is kg per second meter cube.
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2
The dome segment area .
9 @ LxVL

Next, the effective liquid height in the reboiler is estimated by adding 4 in. to
the approximate bundle diameter to account for foaming. Assuming as a first
approximation that the liquid height is 60% of the shell diameter,

v

v V/

(D (D06 hD=0.4 R
The sector area factor is obtained @

Multiplying this factor by the square of the diameter gives the segment area

(OUWEICR RV Choose value of D, as shell dia
So, further we have to find out dome segment area, what is dome segment area? If |
considering shell and here | am having the bundle and this is the weir this section we call as
dome segment area and it will depend on how much vapour you need to generate which you
can calculate by this expression where m dot v we can consider that how much vapour is to

be generated and L and VL.

So, in that case you can find out SA in meter square and this L should be L effective of tube
because only that section is available for transfer of heat. However, length of the shell is
significantly high than the tube length. Now, if you are having dome segment area we should
follow a rigorous method. Initially, we will also consider that this h is 40% of shell ID

because you do not know the shell ID so here just | am taking an assumption.



And further if you focus on this schematic here h I have taken from this weir height. So, what
should be this height? This height should be more than the bundle diameter and that we can
obtain as bundle dia plus 4 inches we simply add 4 inch to bundle dia to find the height of
weir. So, above that we have h and this section this height we are representing as D b dash

and if I am asking you what should be the shell diameter that should be equal to h + D b dash.

So, if I am having h / D s as 40% then D b / D s should be 60% | hope that point you can
understand. So, here I am having that D s which is equal to D b dash / 0.6. So here you
should consider D b dash if I am having h / D s as 0.4. So, we have to find out area sector
factor, so from where we can find it out?
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We can find out area sector factor from this table and it is also available in Serth book you

can see Appendix 10 A. So, according to the h / D ratio this is basically h / D s we can find
out different factor. So, let us say h / D is 0.4 at present so factor A should be 0.29337. So,
we can consider that factor and then we can find out segment area that is SA dash and that

SA dash would be A into D s square.

So, D s you will obtain from here and A value we have just seen from the table. So, next what
you have to do you have to compare this SA dash and SA. So, this SA dash should be equal
to this. We do not have to play with it we have to play with this. So, you have to choose h / D
s ratio in such a way so that SA should be equal to SA dash. So, what you can do let us say

SA dash is more than SA so what is the meaning of this?



You need to require lesser space for vapour liquid separation. In that case you have to
provide less value of h. So, now another assumption you can take that h / D s should be 0.6.
So, in that case you consider h/ D s ratio as 0.2 so once you are having h/ D s as 0.2 you can
consider D b dash / D s as 0.8. So, in each iteration as you keep on changing h D s value will

keep on changing.

And we can obtain different factors from the table which we have seen just now and then you
can find out SA dash and that should be compared with SA. The value of diameter of shell at
which SA should be equal to SA dash that value of D s should be considered as final diameter
of shell. So, in that way you can find out shell ID and here | am stopping this lecture. I will
continue design of kettle reboiler in the next lecture also and that is all for now. Thank you.



