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Lecture - 31
Heat exchanger (Contd.)

Welcome back, we were discussing heat exchangers and particularly, we were trying to
do some sort of analysis I have told that we will not derive any formula, but we will just
give you the formula. So, that will be some sort of a recapitulation and while I will
provide you with the formula for heat exchanger analysis, we will also do some sort of

we will give also some sort of explanation to it.

So, we have done the first method which is very basic that is for that is LMTD or log
mean temperature difference method the mean temperature difference for either a parallel
flow heat exchanger or a counter flow heat exchanger is given by some sort of a
logarithmic term. So, that is why; it is called log mean temperature difference or in

abbreviation LMTD and if we go to the slide once again.

(Refer Slide Time: 01:30)

1. F-LMTD
F.-LMTD In the analysis of heat exchangers total heat transfor rate @ is of primary interest. The log.
mean temperature difference (LMTD or ATy, for counter and parallel flow is defined as
Total heat tranafer between hot and cold Muida in a counter Mlow arrangement
Q= Uy AdT )y
Where PTy=Th=Teo VTy = Ty o = Tei { Countor Flow)
FTi=Thi = Tei VT3 = Tho = Tepl Parallel Flow)
LMTD represent maximum temperature potential for heat transfer that can be obtained in counter flow
exchanger.
Special Case: In ease of counterflow with (ric,) " (rey)e, the quantity AT, is indeterminate. In this

case, by applying L' Hospital's rule @ = UA(T, = T;.) with i;r,‘ = T.)= ATy=AT;.
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So, the formula is given over here and then once we know; what is LMTD which is the

main temp mean temperature difference for the entire heat exchanger. So, we get the Q
that is the rate of heat transfer is equal to into area into delta TLM where delta TLM is

given at the top.



Now, here I like to tell you one thing the is the mean overall heat transfer coefficient it is
dependent on area sometimes we find the heat exchange area that is different particularly
for a tube if you take a circular tube inside the circular tube you have got one heat
transfer area and outside the circular tube we have got a different heat transfer area. So,
heat transfer area is relevant when you have got convective heat transfer which mostly

we are concerned.

For radiative heat transfer also it is important, but we are mostly concerned with
convective heat transfer and that area depends whether you are considering it from inside
of the tube or considering it outside the tube. Now depending on that will also be
different. So, is area dependent and here we have got this formula Q is equal to into a
delta tm and delta T 1 delta T 2 everything has been given for counter flow and parallel
flow; I have explained it there could be a special case in case of counter flow the quantity
the heat capacity rate if that becomes equal for both the streams; that means, for the hot

stream and the cold stream then.

We have to take the mean temperature difference simply as delta T or delta T 1 or delta T

2; let me explain it or we can explain it going to some sort of a previous slide.

(Refer Slide Time: 04:09)
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Temperature distribution in counter flow exchanger of single phase fuids
(Shah,1981).
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So, let us go to this slide. So, here you see heat capacity rates are same for both the hot

fluid and cold fluid. So, here the temperature difference will be delta Tth i minus T co

here it will be again delta T, we can all them delta T 1 delta T 2, but everywhere in the



heat exchanger the temperature difference will be delta T and that should be the mean

temperature difference; obviously, that should be the mean temperature difference.

Now, what you have what we have done if you see that based on these 4 temperatures 2
temperatures at the inlet end and 2 temperatures at the outlet end we have done the
analysis this is very important and this is what we can do because these 4 temperatures
are measurable and known other temperatures are within the heat exchangers the fluid
stream temperature at other point are within the heat exchanger a direct measurement is
not possible. So, we have to have the performance of the heat exchanger based on these 4

temperatures.

Now, what we get we get a formula by which by the same formula we will have the rate

of heat transfer for both parallel flow heat exchanger and counter flow heat exchanger.

(Refer Slide Time: 05:54)

1. F-LMTD for Multipass and Crossflow Heat Exchangers

The LMTD shown in previous slide is not applicable for heat transfer analysis of crossflow and multipass
flow heat exchangers.
AT (Ths = Tea) = (Tns = Tas)
Wl(Tas = Tea)/ (Taa = Taadl

P o= ToeToi o AT,
Thi=Tei AT

{ Heat actually tranaferred to the heat which would be transferred if the aame cold fluid
tempernture wis roised to the hot-fluid inlet temperature. Henee it is temperature effectiveness of heat
exchanger.)

£y Thi=The P i 3 .
=Zm rh ; ( Ratio of mcy of cold fluid to that of hot fluid and is called the heat capacity rate ratio.)
Eh Tea=Ted

Whare ATy, op i8 the LMTD for counter flow arrangement with the same fluid inlet and outlet temperature,

Henee , in crossflow heat is caleulated by introducing a non-dimensional number called F.

Q@ =UAF ATy ep .
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Now, the question is there are many other different types of heat exchanger; what do we
do for them, what we do is like this the LMTD shown in the previous slide is not
applicable for heat transfer analysis of cross flow and multi pass flow heat exchangers
multi pass flow heat exchangers the thing is that one can think of a multi pass flow heat

exchanger like this.



(Refer Slide Time: 06:23)
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Let us say this is a multi pass flow heat exchanger let us say hot fluid is entering here hot
fluid is going over here and as far as cold fluid is concerned it is entering here it is
coming out here and hot fluid is from here to here. So, you see for the top branch of the

cold fluid, it is a parallel flow and.

For this branch of the cold fluid it is counter flow arrangement with the hot fluid or hot
stream. So, if we have this kind of a heat exchanger which is having 2 pass for the cold
fluid then this heat exchanger, we can neither call it a parallel flow heat exchanger nor
we call it nor we can call it as a counter flow heat exchanger for this kind of heat
exchanger there are many many examples even much complex example cross flow heat
exchanger is another one where the we have not derived any formula for cross flow heat
exchanger, but how to do then this analysis , but whatever may be the flow arrangement

it goes without saying that these 4 temperatures let us say this is 1, 2, 3, 4.

These 4 temperatures are very important and based on these 4 temperatures one can
determine the mean temperature for the mean temperature difference of the heat
exchanger. So, one method has been suggested it is very which is very useful method that
we will use the LMTD formula only, but we will multiply it with some sort of a factor F
and with that we will get the mean temperature difference this F will depend of course,

on some parameters one is this parameter it is called P and the definition of P expression



of P has been given heat actually transferred to the fluid which would be transferred if

same cold fluid temperature was raised to the hot fluid inlet temperature.

Hence it is temperature effectiveness of heat exchanger this is P and then this also is
important this is the ratio of heat capacity rate cc for cold fluid and Ch for hot fluid C.
So, Cc by Ch that is R ratio of m dot Cp of cold fluid to that of hot fluid and is called
heat capacity rate ratio and then it will also depend not only on these physical parameters

it will also depend on the floe arrangement.

So, generally what we get we can express by I mean Q the heat transfer by this
expression where u is the overall heat transfer coefficient a is the area F is the correction
factor this is what we have introduced now which will be a function of P and R and of
course, the flow arrangement and then delta TLM counter flow for counter flow heat
exchanger whatever delta T, we will delta TLM we will get whatever LMTD, we will get

considering counter flow arrangement.

(Refer Slide Time: 10:53)

dimenal r ; it depends on the temparature effectivencas P, the heat capacity rate
ratio &, and the flow arrangement

F = g (P, R Now arcangem
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Then F; F I have told that it depends F is a number and it is of course, like this in counter
flow arrangement we get maximum amount of heat transfer that is most conducive for
maximum heat exchange between 2 streams. So, the F value will be equal to one if we
consider counter flow heat exchanger. Now if it is not counter flow heat exchanger then;

obviously, the value will be less than one.



So, we will have this kind of curves it has been already calculated and made available for
our ease of calculation ease of estimation. So, here you see this is your F and this is a
function of P and where R is taken as parameter. So, different curves are for different
values of R and then I have told that it depends on the flow arrangement. So, this is for a
particular type of heat exchanger where there are 2 passes like this; this is for another
heat exchanger where there are 4 passes like this. So, for each and every heat exchanger
arrangement we have got curves like this. So, basically we have to pick up the curve for
a specific fluid flow arrangement, then we have to know the value of P and R and from

this particular curve which we have selected already.

For the heat exchanger we have to get the value of F then we can use the formula which
we have already mentioned and we can get what is the rate of heat transfer. So, you see
this is what I was telling F is a function of P R and flow arrangement that is what we can

see from this particular slide also

So, this is one way of determining the heat transfer rate this is way direct way if the 4
temperatures are given temperature set of the 2 streams at both the inlet and exit. So,
then from there we can determine what is our rate of heat transfer. So, this is one typical
for one typical kind of analysis this kind of formula which is F LMTD formula that can
be used. So, let us try to understand what kind of suppose we know the 4 temperatures at
the beginning we try to design some sort of heat exchanger; we know Q that is the rate of
heat transfer which we have to go for and the 4 temperatures which we can which we
like to have. So, these 2 things are fixed and then we have the flow arrangement; that
means, whether what kind of tube; tube Diamet meter, etcetera whether it is counter flow
or parallel flow. So, those kind of arrangement and tube diameter; that means, geometry
etcetera are the type of geometry that is known. So, you know Q you know delta TLM

then.

Overall heat transfer coefficient that also is known because the tube diameter you have
selected and from there you know what is the heat transfer coefficient. So, basically one
can calculate a once you calculate a; then probably either the number of tubes or the tube
length you can calculate. So, this is a method which is very suitable for design or new
design of course, the way I have told it is not as simple as that because u and a they could

be interrelated even delta T and Q we cannot separate them out the way I have told that



separately I know Q and delta T. So, there could be some sort of iterative procedure

needed, but for design.

If the 4 temperatures are known then this F LMTD method is a very good method
unfortunately in many of the cases these 4 temperatures are not known; we know let us
say only 2 inlet temperatures and we know some other quantity. So, then the F LMTD
method becomes a very roundabout method a TDS method not impossible to apply for
those kind of analysis or problem, but it becomes little bit time consuming TDS more

number of iterations are to be needed.

So, there should be some other method where the life is little bit simple. So, that method
is known as effectiveness NTU method and we are going to have a very brief overview

of effectiveness NTU method applicable.

(Refer Slide Time: 16:37)

€ —NTU Method

= Applicable when inlet or outlet tem peratures of the fluid streams are not known,

N A S
»  Method is based on fact inlet or exit temperature difference are function of 7= and €./ Gy,
#  Dimensionless Form

cpand ¢, respectively, and ¢* = 1.

=  Exchanger heat transfer effectiveness: It is the ratio of actual heat transfer rate in heat exchanger to the

thermodynamically limited maximum possible heat transfer,
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When the inlet and outlet temperature of the fluid streams are not known fluid

temperatures are not known.

Method is based on the fact inlet or exit temperature difference are function of these 2
things; that means, one is UA by Cc or it could be C min and another is heat sorry
another is heat capacity rate ratio now in dimensionless form we introduce one term
called Cs star what is which is known as capacity rate ratio or heat capacity rate ratio;

this is C min by C max where C min and C max are the smaller and larger of the 2



magnitudes of Ch Cc respectively and cc star will be less than equal to 1. So, this is one
important parameter for our analysis the exchanger heat the exchanger heat transfer

effectiveness or this effectiveness epsilon.

It is the ratio of actual heat transfer rate in the heat exchanger to the thermodynamically

limited maximum possible rate of heat transfer.

(Refer Slide Time: 18:09)

Actual heat transfer is obtained by using energy given ofl by hot fuid or energy received by cold fuid,

Q = (mey) | (Tus = Tio) =hey) (Teo=Tep)
Ifey > e, then (T =Tho) < (Teo = Tei)
If ¢y < g then (Thy = Tho) = (Toe = Te)

The Auid that might undergo maximum temperature difference is the fluid with minimum heat eapacity

FALD . Therofore, the maximum poasible heat tranafor is exprossed as

Quax=(ncy) (Tui=Tes) if ¢ < 64 OF Puax=(incy) Ty =Te)
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So, what is that Q dot actual heat transfer rate can be obtained like this Q dot is equal to

mcp h; that means, mcp of the hot fluid side multiplied by the temperature change in the
hot stream or it is the m dot Cp of the cold fluid side multiplied by the temperature
change of the cold stream if Ch is greater than Cc, then we will get this relationship
otherwise we will get this relationship the maximum heat transfer possible, let us see
how we can get this the fluid that might undergo maximum temperature difference is the

fluid with minimum heat capacity rate C mean.

Therefore the maximum possible heat transfer is expressed as Q max is equal to m dot
Cp c that is Thi minus Tci if cc is less than Ch or Q max is equal to m dot Cp h

multiplied by Thi minus Tci. So, this will be the maximum amount of heat transfer.



(Refer Slide Time: 19:33)

Heat exchanger effectiveness, ¢, is therefor written as

e €n Thi=The) _ €cllea=Tes)
Conin(Thi=Tei) Conin(Thi=Tei)

The above equation is valid for all heat exchanger flow arrangements. The value of ¢ ranges between

zero and 1.

If the effectiveness ia known, Equation provides expression for determination of @

Q = €+ (hcy)*(Ty; = Tep)
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So, effectiveness we can defined like this depending on our whether we like to use Ch or
cc the effectiveness can be used like this. So, you see this is the maximum temperature
difference possible without violating thermodynamics or without violating second law.
So, this is the definition of effectiveness the above equation is valid for all heat
exchanger flow element the value of epsilon ranges between 0 and one if the

effectiveness is known equation provides the expression for determine in a determination

of Q.

So, suppose I know the effectiveness of the heat exchanger then Q can be determined
simply by m dot Cp multiplied by Thi minus Tci; generally inlet temperatures are known.
So, you see the advantage of using this method generally inlet temperatures are known or
even as the basis of the design the inlet temperatures are known. So, if I know the inlet
temperatures and then if I have already decided what could be the effectiveness of the
heat exchanger I am going to design. So, my effectiveness that is also known then I will
get the Q value or vice versa suppose the inlet temperatures are known and I know that
how much heat I have to extract or I have to supply then using this particular formula I

can know the effectiveness of my heat exchanger.



(Refer Slide Time: 21:33)

= Nur transfer unit: It depiets the nondimensional heat transfer size of the heat exchanger.

.....

For counter flow following expression is obtained :

1 = exp[-NTU(1 = €/€pnys )]

€ = T (Coin/ Cmaae) SXPI-NTU(L — Cpuin/ Cmas )]

If e < o (Cc = Cmime €n = Cmax) . the result will be the same.

In cnse of parallel flow, n similar analysis may be applied to obtain following expression;

1 = exp[-NTU(1 + Conin/ Cmax)]
1 + (€mun/ Cmazx)
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Now we come to the next parameter next parameter is NTU the full form of NTU is the
number of transfer unit it gives some idea regarding the size of the heat exchanger. So,
NTU is defined as AU divided by ¢ mean where A is the area, U is the overall heat
transfer coefficient and C mean is the minimum of either of Ch and Cc. So, once we have
got NTU as I have told that it is indicative of the size of the heat exchanger it is also
indicating of the residence time of the fluid in the heat exchanger. So, basically it gives
idea regarding the transfer whether the rate of heat transfer will be very large or very
small something like that. So, relative it is a relative kind of a thing for same kind of heat

exchanger if we have 2 values of NTU the higher value of NTU gives.

That the size of the heat exchanger is more or inside the fluid stays for a longer time like
this and then what is important the effectiveness and NTU they are uniquely related for
counter flow the following expression is obtained this is between effectiveness and NTU
and it will be the same if Cc is less than Ch the result will be the same in case of parallel
flow a similar analysis can be applied to obtain the following expression this expression
we will get for parallel flow. So, you see these expressions are little bit complex, but

there is a unique relationship between NTU and effectiveness.

If we know one we can determine the other one in many of the cases what we have got
we have got curves for effectiveness or NTU there are a results which are expressed

graphically in the form of curves. So, then it becomes easier of course, nowadays with



the help of digital computing calculation of this kind of relationships or tackling this kind
of relationship is child’s play. So, it is no not at all difficult, but you see I have given just
like before I have given the relationship for parallel flow and counter flow there are other
kind there could be other kind of flow arrangement there could be other kind of flow

arrangement and for them what are we going to do.

(Refer Slide Time: 24:25)

SPECIAL CASE:
* Coind Cray tqual to 1

NTU

> E=
€= Nruei

{ Counter Flow) , £ = ;(I — & Ny ( Parallel Flow).
7 Cmind Cmax equal to 0 as in boiler and condensers for parallel flow and eounter flow ,
equation becomes
» £=1- exp(—NTU)

= ¢ = @p(NTU,c*, flow arrangement)
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Let us discuss some sort of special cases one special case is that the heat capacity rate are
equal for both the fluids then see mean by C max is equal to 1 and effectiveness is given
by NTU divided by NTU plus one for counter flow and effectiveness is this value for
parallel flow see mean by ¢ max is equal to 0. This is another this is another special case
where we will have one of the fluid stream is changing its face if some fluid stream
changes its face, then the temperature difference between the inlet and outlet is equal to 0
then for finite heat transfer then for finite heat transfer the C value has to be very large,
this if there is some finite amount of heat transfer between the inlet point to the outlet
point and from there we get that C min by C max is equal to 0 as in case of boiler and

condenser.

So, we will have this kind of the equation becomes epsilon is equal to 1 minus
exponential of minus NTU in general epsilon is a function of NTU C star and flow

arrangement again just for as we have got for F different kind of card.
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Effectiveness- NTU chart: an example
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So, for this kind of relationship also we can have different type of cars the 2 cases which
we have shown for LMTD method the same 2 cases here it is shown. So, this is the flow
arrangement for a particular flow arrangement we will get a typical cut. So, this is c
mean by c max and this side we have NTU and as a function of NTU we will have the

effectiveness of the heat exchanger.

So, effectiveness of the heat exchanger that is a function of NTU that is dependent on the
flow arrangement and also dependent on the c star value that is ¢ minimum by c
maximum this is for another case. So, there are host of curves like this. So, using these
curves we can employ the effectiveness NTU method and we can do calculation now
depending on the depending one type of problem, we have to adopt either the F LMTD
method or the effectiveness NTU method in many cases the iterations required for F
LMTD method can be avoided by taking a effectiveness NTU method we will pick up
certain examples to clarify these points and then we will see how the heat exchangers are

very relevant for waste heat recovery.

Thank you.



