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Hello welcome in the 18™ lecture of convective heat transfer in our previous lectures we have
discussed about single phase convection here in this lecture we will be actually describing the
heat transfer with change a phase okay, so our topic is heat transfer with phase change now first
let me tell you what kinds will be covering in this lecture we will be understanding phase change

modes.
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In context of convective heat transfer what are the different phase change modes available where
convection heat transfer is being observed okay, after that we will be introducing boiling and
condensation with its different modes okay, we will be also understanding what is the velocity
and temperature profile in film condensation and side by side will be also discussion that what
are the equations required for boiling cases okay. You will be evaluating condensate rate and
profile film accumulation over the surface okay over the cold surface and then we will be

understanding.

The governing equation for film boiling as I have mentioned apart from film condensation we

will be also learning film boiling situations okay.
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So let me start first let me showing what are the effective convective modes involving questions
as we are having convection, so definitely solid we will not be coming into picture we have to
consider only the liquid and gaseous gasses and liquid and gaseous phase change process are
actually involved with two categories condensation and boiling here I have shown the picture
you can see in this cattle the water is being boiled and it is forming some sort of vapor or water
vapor which is actually strucking this bottom side of this plate, oh what the plate we are having

ice okay.

So here you can see this is actually forming vapor so liquid is actually forming vapor and on the
other hand you are having the ice so plate is having very low temperature so this vapor is
immediately condensing and here you can see the drop of liquid, so in this plate the vapor is
being converted to liquid so this is nothing but condensation and here the liquid is being
converted to vapor and which is coming out from this kettle mouth, so this is actually boiling. So
this two figures actually are involved with convective modes so that is why here in this lecture

we are going to discuss about condensation and boiling okay.

Melting solidification and sublimation those still we are not going to discuss over here, because
those are related to solid where convection mode is not that much observed okay, so let me now
tell that what are the characteristics of convection condensation and boiling, so for condensation

we require cooling where as for boiling we require heating so here requires heating here requires



cooling okay nest droplet formation at low sub cooling so for condensation you can find at low
sub cooling, what is sub cooling is the temperature is lower than the saturation temperature that

is called sub cooled condition.

And the degree of lowers is actually called sub cooling okay, so droplet formation we can
observe at low sub cooling where as in case of boiling bubble formation can be observed at low
super heat okay, so individual bubbler and individual and individual drop can be observed in
cases of boiling sand condensation of boiling and condensation respectively at low super heat
and low sub cooling next liquid fill formation at high sub cooling we can see if the sub cooling is
very high we can find out if film of liquid is being is formed over here due to condensation in the

Same manner.

In case of high super heat gas film formation can be observed for boiling situation okay, so what
happens that high degree of sub cooling or super heat and what happens at low degree of sub

cooling and super heat those things we have discussed over here.
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Next let me start with the first mode which is nothing but condensation, so condensation even
actually heat transferred with surface heat transfer to a surface occurs by condensation when the
surface temperature is less than the saturation temperature this is very important surface
temperature let see this is the surface temperature will be less than the saturation so T is is
actually less than the saturation temperature, okay saturation temperature is adjoining vapor
adjoin vapor so if we are having some vapor over here so its corresponding pressures saturation

temperature.

That temperature will be higher compared to the surface temperature then only condensation will
happen okay. Next have I have mentioned we are having two modes of condensation where film
is being produced where a particular droplets of liquid you can see, so those are actually film
wise condensation and dropwise condensation so first let me discuss about film wvoice
condensation, so film condensation is nothing but in this case entire surface is covered by
condensate so if it is a surface entire surface you can see is covered by this a liquid condensate

okay.

Which flows continuously from the surface and provides a resistance to heat transfer between the
vapor and the surface as it is totally covered by the liquid no phase vapor can come in contact to
the code surface and further condense, so this gives a resistance okay, so this liquid film actually

gives a resistance to heat transfer okay, next thermal resistance is reduced through use of hard



vertical surface is to break this condensate what you can so small, small plates you can use so
this single plate you can break into small, small plates which will be breaking the liquid flow so

thermal resistance is getting use through use of short vertical surfaces.

Or horizontal surfaces if you put horizontal surface then obviously liquid will not be draining
and we will find out resistances actually, being increases okay. So resistance is increasing then
characteristic of clean and uncontaminated surface, so in case of clean and uncontaminated
surface drop voice condensation will be absent and we can find out majority of the surface is

actually covered by film and we can have in condensation okay.

(Refer Slide Time: 07:01)

EET
+ Dropwise Condensation

O Surface is covered by draps ranging from a few micrometers to
agglomerations visible to the naked eye,

O Thermal resistance is greatly reduced due to absence of a
continuaus film

O surface coatings may be applied to inhibit wetting and stimulate
drapwise candensation

Steam condensation on copper surfaces:
q= h&A[Tm _I; )
hy, =51,10042044 T, 22°C<T, <100°C

Iy, = 255,500 T, >100C L e

Next the other mode so dropwise condensation so here surface is covered by drops in place of
liquid film whatever I have shown you in the previous slide, here we are having using liquid
drops okay, so surface is covered by drops ranging from few micrometer to agglomeration
visible to the naked eye, so there is small droplets also can be seeing which are actually you
know very small in the range of micrometers and after agglomeration those micrometer droplets

can become very big and even if it can be visible with our naked eye okay.



So this type of thing you can see that this droplets are visible in naked eye, simultaneously you
can see very small droplets are over there, at different places next thermal resistance is greatly
reduced due to absence of a continuous film as vapor can come directly in contact with the
surface okay in this case in between the droplets, so resistance is greatly reduced okay then
surface coating may be applied to inhibit wetting and stimulate droplet condensation so what you

can do over the surface issues apply special type of coating.

Then you can find out that film wise condensation is actually discontinued and it will be forming
some sort of dropwise condensation like this, if you playing into relativity okay then steam
condensation on copper surface if you see then that can be written in this fashion q = h
coefficient of dropwise condensation into Ad Ad of the surface at which the condensation is
happening — of T sat — Ts, Ts is the surface temperature T sat is nothing but the saturation
temperature for the vapor at that give impression okay, so this h is nothing but the heat transfer
coefficient for the dropwise condensation there are several coordination for finding out this heat
transfer coefficient I will tell you one cognation, so h this is can be written has 51100 + 2044 into

saturation temperature okay, if saturations temperature lies in between 22° to 100° okay.

And if the saturation temperature is more than 100° then simply you can write down hg. = 255
500 okay, so this type of colorations people used to find out the heat transfer coefficient for
droplets condensation and ultimately obtained what is the heat flux for a situation where droplet

condensation is happening okay.
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Next let me show you what are the stages in droplet evolution, so processes involved in droplet
condensations are initial equation of drop or previously bare surface so initial equation small,
small equation sides you can see, then you can find out growth of drops this drops will be
coming bigger by growth so you see all the nutrition site has actually grown up and then will be
finding out coalescence of drops, so now we will see if the growth further then this to drops will
be cooling over here and from you know produce drop over here, so coalescence of droplet

which grow.

Large enough to touch each other so they are touching each other then we will be having
additional nucleation of new drops so apart from this coolest drops there can be some additional
nucleation also like this okay, additional nucleation of new drops in areas which become
available due to coalescences after coalescences some area will be vacant so we can have
nucleation also and side by side we can have loss of drop due to gravity if the surface is having

inclination with horizontal.

So that I have not shown over here that droplet which is becoming bigger in size that can dis
loss on the surface if the surface is having inclination with the horizontal okay, so by virtue

gravity that can fall down, so all these are actually stages of your droplet condensation.
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Next let us move back to the film condensation film wise condensation and let us consider that
now we will be having a vertical plate, so situation will be changing if the plate is having
inclination with the horizontal okay, so it is actually perfect vertical plate have 90° inclinations
with the horizontal. So in this case what are the distinguish feature we can see and let say this is
the plate having temperature Ts okay which is lower compared to the saturation temperature to

vapor Too okay.

Saturation temperature to vapor is let say T saturation is saturation temperature of the vapor then
you can find out that whenever the vapor is coming in contact with the surface there will be
condensation immediate condensation will be there, so the temperature profile will be actually
increasing in this fashion as T requires to small and compared to the vapor temperature for
necessary condensation, so this way the temperature profile will be reducing lower and the plate
and higher at the vapor okay and as we are having film over here so this film due to the vertical

ways of the plate the film will try to fall down by virtual of gravity.

So you will find out that there is a flow also entering in this, so the velocity can be velocity
profile can be shown like that due to no sleep it will having 0 velocity adjacent to wall and far

away from the wall where there is no film obviously the velocity will become 0, okay.



At the interface you can see parabolic film like this will be generated because film is grating
from the top it will be accumulated at the bottom or sides, so you will be finding out thicker film
at the bottom and thin film at the top, so nearer the film you will be finding out there is
continuity between the liquid velocity and the gas velocity, okay. So it is very important to find
out this thickness of the film which will be depending on the plate direction which is x direction

over here.

So 6 is actually a function of x, so it is very important to find out the thickness § as a function of
x as well as what is the film drainage rate okay, so flow rate of the condensate because it will
draining with respect to time so we have to find out the flow rate, okay. Next generally the
vapour is super heated and may be part of mixture that includes non-condensibles, so it can have
that vapour is having mixture with some non-condensibles material also which will not be

condense in whenever it is touching this surface.

Let us say that part that material is having saturation temperature lower than this surface
temperature so that will be acting as non-condensibles gas okay, so it generally the vapour will
be super heated having higher temperature compared to saturation temperature and may be part
of mixture that includes non-condensible. A shear stress and the liquid vapour interface includes

a velocity gradient in vapour as well as liquid.

So if you find out and the interface there is some for a velocity gradient in the liquid side as well

as in the gas side, okay so those also we need to consider in case of film condensation.
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So let me first try to form the governing equations, so at x=0 that means at the leading edge you
can consider that the pressure is nothing but your vapour pressure, okay so P, okay, because
there is no film okay, or we can say they are the film is being initiated okay, and we can also see
over their all velocities are 0 okay, because there is no film at all and temperature is nothing but

your vapour temperature To okay, so T\ is Te.

So at x=0 we can get pressure all velocities and temperature as there is no film at the leading
edge okay. Then if you see the equations over there so we will be finding out that from there the
granite starts so we can write down 0x/0P,=p.g so this comes out from the momentum equation
at the leading edge, okay. So here if you equate by the way this P=P, we have used over here,

now if you integrate this one then you will be finding out P, is equal to some constant.

Now if we apply this boundary conditions that constant will become P.o+p.gx, okay now if you
take P,y come on it becomes 1+p,gx/P.. Now near the leading edge x is very small so what we
can do, we can neglect this part and we can write down P,=Py,near the leading edge, okay and as
a result the saturation temperature, saturation temperature which is actually a function of vapour

pressure.
So P, saturation temperature is a function of vapour pressure and just now we have shown this is

nothing but vapour pressure at the leading edge P, okay, so this saturation temperature actually
becomes a function Py, at the, which is the pressure at the leading edge, okay. So we have got

some idea of Ts, which will be a function of P, okay.
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Next let us try to find out what happens at the liquid film, so first let me show you let us say this
is the plate vertical plate and here we are having the film, okay parabolic film let us say it is
forming like this T; current at the bottom side and T, at the top side. Now let us take a small strip
around the interface where in the left hand side we are having liquid and right hand side we are

having gas, okay.

So if you do so first let us try to do the mass balance so if you find out the mass balance so m
okay will be actually pAV, so perpendicular directional velocity V, of this strip so (pAV,): so this
will be liquid will be entering through this lend this section okay, and then is equals to (pAV ), in
the vapour section, so for this small strip if you do the mass balance considering that this is very
lengthy film in the other direction, so this two surfaces we are actually neglecting so we are
having m=(pAv,)=( pAv,), okay. Remember this V, is nothing but V1, 0 is the perpendicular

direction of the surface, okay tiny surface whatever we have taken.

So if we take this mass flow rate and then let us go for the energy balance, if we go for the
energy balance then we can find out that whatever we are getting from this side so which is
nothing but m mass flow rate into h; + V/%/2 so h; is nothing but the enthalpy of the liquid side V,
is the velocity of the liquid which is entering in the domain okay, by 2 is equals to m same mass

flow rate obviously these we have same so that is why we have taken both side m.



m(h,) which is the enthalpy of the vapour side +V,%2, V, is nothing but your vapour velocity,
okay. On the other hand side we are writing Q which is the heat transfer occurring in this small
step -W which is nothing but work transfer okay, so coming from now first law of
thermodynamics, okay. Now you see here W will be obviously 0 because there is no feasible

work done over here so W let us put 0 and for the Q there will be conduction, okay.

Because this is very small strip convection sells will not be there so this is conduction, so if you
go for the conduction then you can find out Q=-kdT/dnA for the liquid side is equals to the that
means here as this strip is across the interface some part will be for the liquid, some part will be
for the gas, so this is conduction in the liquid side and this is the conduction in the vapour side,

okay.

Now if you see actually this k, thermal conductivity of vapour is very, very small compared to k;
so if you incorporate this then we find out Q is nothing but -k dTdn A for the liquid side, so
conduction in the vapour side can be neglected in comparison to the conduction of the liquid
side, okay. So let us consider Q is equal to this term conduction in the liquid side only, so if you

put this over here in this equation and W=0 so we get this equation pAV1 at the interface, okay.

So let us consider that this mass m is nothing but this at the interface okay, pAV11 V,, is nothing
but Vi okay, then h#+V*2 okay, is equals to once again that same m over here okay, same
m[h,+V,¥2] and in case of Q we have written only the conduction for the liquid side, okay. So
with this here you see the left hand this two terms we can actually simplify considering V, and V,
they are very small compared to the enthalpies and hs-hy can be written as h¢, okay, so ultimately
we get the energy equation across this strip is equals to k dT/dn at interface is equals to (pV 1)
hg; okay. So we have taken several assumptions over here please remember k, is less than k; and
here we have consider the velocity h is very small, okay so this we got as our energy equation.

So let me show you now the equations for the following liquid film.
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So this is the continuity equation du/0x+0V/dy=0 then we are having the x momentum equation
like this okay, where we will be having the buoyancy term over here pg y momentum equation is
0P/0y=0 and the subsequently from here we get 0P/0x=-0P.,/0x=p.g okay, and then subsequently
energy equation is in the left hand side we are having convection, right hand side we are the

conduction okay.
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So this is the falling film analysis but let us now do some simplification of all this equations so
that we can solve and in order to do so let us take Nusselt’s analysis Roma scientist Nusselt he
has derived this analysis. What he is proposing, he is proposing let us take this film as laminar,
let us take this film as steady so all temporal term we can actually neglect and then we are having
constant property so all the properties like pk can come out okay, and then negligible stream

voice diffusion in the momentum term.

So in this momentum term if you see we are having stream wise and cross stream wise diffusion
so stream wise ram will be cancelling. Similarly we are having negligible stream wise diffusion
of heat so in the conduction term we can also neglect the stream wise diffusion. Negligible

inertia and convection, so inertial side and convection side totally we can neglect, okay.

So with these assumptions which have been proposed by Nusselt we are actually reducing our
momentum equation and energy equation in this form. So you see all the 0%/0x* term has been
cancelled from the momentum equation, inertia term has been cancelled, steadiness to obtain
steadiness 0/0T term has been cancelled same thing has been done from this side also, okay. So

all 0*/0x* term can been cancelled and convection term has been cancelled, okay.
(Refer Slide Time: 22:37)



Now if you try to solve this equation using this boundary conditions at y=0 that means at the
plate we will be having velocity equals to 0 and T=wall temperature which is nothing but Ts
okay, and at y=0 that means at the boundary layer okay, so here at the film edge if you write
down then there will be having du/0x=0 here you can see velocity exists what the gradient of

velocity we can say at the film edge is 0.

So du/dy=0 and T becomes saturation temperature because this is the end of the film, okay. So if
we take this boundary conditions first let us take the momentum equation to solve this
momentum equation so this was my reduced momentum equation from here using Nusselt
analysis, so that momentum equation if you integrate and energy equation is like this so if we
integrate this two equations we get first the u pattern from after integrating of this one like this
and using this two boundary conditions obviously we get the liquid film velocity as this very

simple integration we are having and finally we will be getting this type of equation, okay.

Here you can see this u is actually a parabolic function of y so that is why we have got this type
of equation, this type of velocity profile okay, and on the other hand side temperature profile
using this two temperature boundary conditions and this equation we get T.-T/Ts-Tw=1-y/8
okay. So it will be short of linear profile we have shown like that okay continuously we will be
showing the profile okay, so we have got velocity profile and the temperature profile in the

content in this fashion.
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Next let us try to see what is the mass flow rate of liquid film, so mass flow rate m that we have
already seen that will become p udy and unit will become 0 to dta, as we already obtained the
profile for u, so let us put that one over here so this one is becoming one as simple intruguation

dy and it we proceed further we will be getting m dot = p x p — p v x g 8%/ p 3 okay.

Then if you go for the energy balance this equation we have already derived by taking the small
slit around the film the remainder for some definite street you can write down this equation, here
if you see this street is very thin, then you can write down d A= dx okay, because in the lie
detection it will be very small. So once you have this equation then from here you can write

down 0 T/0 n that is = 0 T/ 0 y because in the x direction we are considering more gradient.

That is almost a vertical streak okay, here we can write down nothing but dta T/ dta okay. So if
you put all these things over here then you will get 0 m/ 0 x = this fashion okay, so here you see
once again we have brought some differential which you can integrate, so let us try to integrate
respect to x before that 0 m/ 0 x is here using this equation. So once you put this equation it

becomes dta T/ 0 x dx = p x p — p v x g/ p okay which can be now easily integrated.
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Once you integrate you will be finding out and put the limit to 0 to x, you will be finding out this
becomes dta ¥4 = ukAT/ p x p— p v x g"jg x + A okay, and evaluation of a is very easy x = 0 dta
= 0 A= 0. So finally we will get the dta in the form of dta T/ p p — p v g"jg x . Let us try to
reduce this by finding out some non conventional number, as you see we have clubbed these two

into parts okay, and both these parts actually giving this me valid number.

That has given me a rally number, here this is nothing but jack of number this is giving me ota / x
= 4/ Rayx j ". So ultimately we can write down this film number is nothing but Ra, so this

becomes oOta / x Ray x j .

(Refer Slide Time: 27:32)



Next let us move to other portion after this the evaluation of the boundary layer convection side
let us move to the boiling side. So in case of boiling we know that would be actually the process
in which addition of heat to a liquid generates vapor. So just opposite of conduction, so in this
case boiling two modes, pool boiling, so it is nothing but near a pool we will be having some hot

surface from fire where the boiling will be appearing okay.

And another one is flow boiling where there will pre dominate motion it will be actually boiling
heating around okay, so here we are having pre dominate motion and there is no dominate
motion but the motion will be generated convection currents okay. So key distinction we have
already mentioned, natural convection takes part in the poor boiling okay and in case of flow
boiling this actually the fluid is moved across surface, heat transfer is driven by the flow, so this

you can say convection given and this is natural convection given okay.
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Next this very elemental I would like to show different boding zones, the beginning we will be
having the natural convection where the temperature rising up to the saturation form at the most
temperatures and here the volume will be in the heat flaks, wall temperature will be higher. After
that you will be having small bubble formation which is nothing but at low super heat and this is

actually nuclide boiling.

Then after that there will be sudden jump in temperature in case of the reflex boiling and you
will found out that this p is nothing but transition boiling and after this sudden you will be
finding out the whole surface or by a liquid film which is nothing but it is film boiling and if you
reverse this from the jumping point which is nothing but the level strophe point okay. So if you
lower that this one temperature or lower the heat flex it will become like this and then it will

jump to the nuclide boiling subsequently go for the natural convection.

So let me show you different modes, so in the natural convection we can find out more bubble is
involved, so only the natural convection is pre dominate okay for example horizontal surface.
Here in the nuclide boiling the small bubbles you can see so in this role small bubbles you can
see. At transition bubbles will be margin vertical or horizontally and then it was margined

vertically and here also I have shown the margin in the horizontal identification also.

This will be becoming bigger in size to occupy the whole surface okay and ultimately we will be
having differently, so in this region we will be having film over the surface right. so these are the

different zones we are having.
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Now let me show you the equation for film boiling, so it is opposite of film conduction, so this is
the temperature which is having surface higher than the saturation in the liquid, so from here you
see we will be having different saturation compare to vapour formation when it comes to the
surface formation but the vapour by the virtue of the it will be trying to move up. So you can find

out the vapour film is higher comparing to the lower side.

So the equation corresponding to the boundary conditions subsequently to the solution will also
be similar, let me show the equations quickly, so these are the momentum equation as we have
shown over here in the case of convection also p = pv okay because the vapour is attached to the
surface. So the liquid these are the equation and regarding velocity this is the equation, the low

velocity liquid dominate.

So we will get Pl = Po — p g x it is deviating is p g and it is momentum equation will be
something like this 0 p / 0 x —p g is converted into this one okay and then this will be the
interface the stress boundary at y = 0 / 0 y at vapor region and this will be the boundary region at
the film age. So with this we can solve the similar way this equation and get film boiling okay.

So with this let me end this lecture so in this lecture we have described the
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The basic differences between boiling and condensation along with it different modes, then we
have discussed mechanism of droplet gpth and shrinkage during condensation on a surface. We
have balanced mass, momentum and energy around the film during condensation and we have
predicted the liquid film accumulation rate along with it profile along the vertical surface and
finally we have described equations for film boiling in a vertical plate okay. So let me test your

understanding at the end of this lecture, having three questions once again
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1% question necessary condition for consideration we are having 4 conditions wall temperature is
lesser than the saturation temperature, wall temperature is greater than the saturation
temperature, Tw= 0 K, Tw= T triple point. It is very simple one the answer is Tw<Tsat.
Necessary assumption for nusselt analysis the options laminar, neglect inertia and convection,
neglect buoyancy, neglect crosswise diffusion of momentum okay so you can see laminar and

neglect inertia and convection needs to be neglected.

Last question is condensate rate is proportional to 1/ ota, dta2, ota, dta 3, so the answer is dta 3
okay. So with this we will be ending this lecture, in our next lecture we will be discussing about
mass transfer. So if you are having any query regarding this lecture or any other general query

about convection heat transfer please keep on posting on our discussion forum thank you.
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