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Lecture - 16
Quasi One Dimensional Flows

In the previous class, we looked at flow through a convergent nozzle.
(Refer Slide Time: 00:16)

And we showed that irrespective of whether the flow is pushed through the nozzle which
means changing the stagnation pressure at the inlet and keeping the ambient pressure constant
or whether you pull the flow through the nozzle where you keep the stagnation pressure at the

inlet constant and change the ambient pressure.

Irrespective of that we showed that if the ratio PO/P ambient, if it was greater than 1.8929
then we said that the flow at the exit is under-expanded. Then M exit=1 and P exit>P ambient
and we also said that the flow is under-expanded and one of the consequences of the under
expansion was that the subsequent expansion of the fluid takes place in the air and unless the
expansion takes place against a solid surface, we cannot really effectively convert that into

thrust right.

So this is undesirable for that reason and must be avoided. So in general if PO/P ambient>3, if
PO/P ambient becomes greater than 3 then it is usually preferable to have convergent-

divergent nozzle rather than a convergent nozzle alone. As we are going to see next the



convergent-divergent nozzle although it may be better at recovering the thrust it comes with

its own problems okay.

And in view of the problems that a convergent-divergent nozzle poses normally this decision
whether to use a convergent nozzle or a convergent-divergent nozzle is taken based on this
ratio. If this ratio becomes too high maybe more than 3 then we are really wasting a lot of
thrust and we should recover that as thrust so we decide to have convergent-divergent nozzle

and we have to deal with the problems that this brings.

But it would be well worth having this kind of a thing. So for example if you take a rocket
engine right, the ratio PO/P ambient maybe as high as 10, 20, 50 or even 100 whereas in
aircraft engine, this ratio remember this is stagnation pressure just upstream of the nozzle. So
by the time the air if you remember the numbers that we talked about earlier the pressure

ratio is about 30 or so in an aircraft engine.

That means the stagnation pressure generally increases by a factor of 30, there is no change
of stagnation pressure in the combustor and then we extract work in the turbine. So the
stagnation pressure just upstream of the nozzle because of the work extraction of the turbine
will probably be reasonably close to this value, which is why we use a convergent nozzle in

an aircraft engine whereas we use a convergent-divergent nozzle in a rocket okay.

So that decision is always based on this ratio. This 3 is just a rule of thumb, depending upon
the complexity and the other issues we may even say up to 5, I can afford to lose the thrust
because the convergent nozzle is less complex than the convergent-divergent nozzle okay and
we are going to see the additional complexities that a CD nozzle brings in next that is what
we are going to see next.

(Refer Slide Time: 04:23)
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So once we have this type of a situation we wish to use a convergent-divergent nozzle and let
us see how a flow through a convergent-divergent nozzle is established. So here also it is
possible to push the flow through the nozzle or pull the flow through the nozzle and for the
sake of simplicity, we are going to look at a situation where the PO remains constant in such

changing the ambient pressure.

So we start with the high value of ambient pressure and then we keep lowering the ambient
pressure to establish a flow through the nozzle and we look at the sequence of events that
take place in the nozzle. Many things take place in the nozzle and we will try to discuss all
aspects using separate plots for each one of this. The most important plot that we will use is a

TS diagram.

In addition, we will also look at changes in pressure along the length of the nozzle and so on
okay. So let us assume that we have a convergent-divergent nozzle that looks like this. Let
say that so this is state 1, this is the throat and this is actually the exit and this is the ambient
and let say that the inlet stagnation pressure is PO and that remains fixed. So this we use

either e to denote the exit state.

Or keeping it to be consistent with what we did earlier I can also use number 2 to denote the
exit state. Both these things can be used interchangeably. There are no issues with this okay.
So let us say that when we start the pressure everywhere is same. We have a certain P0O. Let
say that we lower the ambient pressure to a value below let say stagnation pressure, so we

establish a small mass flow rate through the nozzle.



(Refer Slide Time: 06:36)

throat

So if you look at the TS diagram corresponding to the state you can see it here, so state 1 has
a certain static pressure P1 and the corresponding stagnation state is shown here. So this is TO
and this PO and you can see that when we lower the ambient pressure a little bit, the flow

comes in at a subsonic Mach number.

And because it is a convergent portion it accelerates in the convergent portion which is a
lower value of pressure at the throat which is not equal to the sonic pressure, which is not = P
star so it accelerates up to a certain value here of Mach number which is also not equal to the
sonic Mach number and then once it enters the divergent portion because the flow is still

subsonic right, the flow decelerates and reaches the exit pressure P2 okay.

Notice that for this case the exit pressure P2=to the ambient pressure because the Mach
number at the exit is subsonic okay. So that is what we are seeing for this value of the
ambient pressure. So I have lowered the ambient pressure just a little bit to establish a small
mass flow rate through the nozzle okay. What I do next is lower the ambient pressure little bit
more right.

(Refer Slide Time: 07:53)
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So I lower the ambient pressure a little bit more and very quickly I hit this condition where I
start from P1 which is the inlet pressure, stagnation pressure remains the same, the subsonic
flow accelerates in the converging passage, but just attains M=1 at the throat and then the exit
pressure is high enough that the flow does not continue to accelerate, but it decelerates and

reaches an exit pressure P2, which is = P ambient in this case also okay.

The flow in this case is isentropic and the Mach number at the throat has just become = 1 and
if you remember we said that for a given value of A/A star, notice that once M reaches 1 at
the throat A throat=A star right. So we said that corresponding to a given value of A/A star,
there are 2 possible solutions, 1 the subsonic, other 1 is the supersonic solution. This is fully
isentropic with the throat Mach number = 1.

(Refer Slide Time: 09:02)




So that means that for this particular condition the P2 is the same as P ambient.
(Refer Slide Time: 09:10)

throat for the given value of A2/A throat right. For a given value of A2/A throat I can go to
my isentropic tables and retrieve this value of P/P star. Remember there are 2 values in this
case we retrieve the subsonic value right. So once I retrieve this value, I multiply this by P

star which I already know from here.

So that is P0/1.8929 that gives me the ambient pressure so this ambient pressure corresponds
to this value and this we are able to do for 2 reasons, 1 flow is isentropic and number 2 the
Mach number at the throat is = 1 okay. Please remember that the previous case also the flow
is isentropic, but we are not able to use this expression in the previous case to calculate the

ambient pressure.

Because the Mach number of the throat is not = 1 okay. So in this case, the Mach number at
the throat is = 1 so we are able to calculate the P this way. So this value of back pressure is
such that the flow attains so this value of pressure is high enough that the flow reaches M=1
and then once it reaches M=1 at the throat whether it becomes supersonic or continues to

remain subsonic depends upon the exit condition.

So this was something that we said earlier so the exit condition is such that the flow still
remains subsonic, it decelerates in the divergent portion.

(Refer Slide Time: 11:43)
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Now if I lower my ambient pressure little bit more let say I lower the ambient pressure little
bit more then this is the scenario I have okay. So now as you can see because I have lowered
the ambient pressure from the previous value, the flow after reaching M=1 at the throat as
you can see M=1 at the throat, the flow continues to accelerate because it sees a favorable

pressure at the exit.

However, the pressure is still high enough at the exit that it cannot accelerate throughout and
so you have a normal shock, which stands in the divergent portion of the nozzle okay. So now
you have a normal shock, which stands somewhere near here okay and then the flow become

subsonic and decelerate in the diverging passage as you can see here.

Notice that the Mach number I had of the shock wave denoted by state x is just a little bit
more than 1 and the Mach number downstream is also just a little bit less than 1. The shock is
not very strong because it is happening at Mach numbers close to 1, it is not a very strong
shock but there is a loss of stagnation pressure because of the irreversibility. So the flow is

isentropic from 1 to x and then isentropic from y to 2.

But across x and y, there is an increase in entropy okay. Now also notice that the process
curve from 1 up to throat remains the same as before, it cannot change anymore because M is
already = 1 at the throat even in the previous case. So that means any change in the
downstream pressure will not be able to propagate upstream of the M=1 location in the sonic
state okay, which means that the mass flow that comes through will also remain the same

right.



This is not going to change anymore. The same mass flow rate is going to go through now
okay. Now what happens if I lower the pressure some more right.

(Refer Slide Time: 13:39)
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if I lower the pressure some more then I get a situation like this where the flow accelerates
even more in this position, even more in the divergent part of the nozzle because it sees a
further lowering of the pressure, it accelerates little bit more but then when it accelerates a
little bit more, the shock also become stronger because as you can see the further away move

from this M=1.

This is the M=1 line, so the further away move from the M=1 line, the higher the Mach
number and the stronger the shock and the more the loss of the stagnation pressure right and
then you can see that this Mach number is also much less than before because the shock is
now stronger and you finally reach this state. So now the loss of stagnation pressure even

more.

(Refer Slide Time: 14:35)
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If I lower the pressure a little bit more okay, now I get into a situation where so I keep
lowering this ambient pressure initially I had a normal shock here, when I lower it a little bit
the normal shock moves from here and positions itself over here. I will show this figure in a
minute okay, but let me just go through this. So it positions itself here. If I lower it a little bit

more, then the normal shock moves further downstream okay.

And then we lower it enough that it finally positions itself just at the exit so that is when the
normal shock is the strongest and the loss of stagnation pressure is also the highest possible
okay and that is what is shown in this figure. Notice that the y state and 2 are both at the same
location so that means the normal shock stands just at the exit and this Mach number is also

the highest possible.

Because the flow is now accelerating fully from the inlet all the way to the exit, still not
isentropic because there is a normal shock just at the exit right. So the loss of stagnation
pressure is quite high here and we get into the situation. So this is the worst possible
operating condition for the nozzle because the loss of stagnation pressure is the highest

possible in this case okay.

Notice that this part of the curve from 1 to x will continue to remain the same as before
because all states which are upstream of equal to this is M > 1 so all states which are
upstream of M>1 will not be affected by changes downstream that we are making okay.

(Refer Slide Time: 16:27)
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So now what happens if I lower the ambient pressure a little bit more then the shock jumps
out of the nozzle and we get a fully isentropic flow okay, shock free isentropic flow and the
exit pressure in this case is usually called the design pressure okay. “Professor - student
conversation starts.” What so if ambient pressure is between we design and socket exit that

pressure in that range then?

No, we will discuss this when we go to the next figure okay. I have a discussion relating to
this in the next figure we will discuss it there. “Professor - student conversation ends.” So
this solution again notice that this solution is completely isentropic and the Mach number of
the throat is also = 1.

(Refer Slide Time: 17:13)




So this corresponds a situation when the ambient pressure P2=P ambient and this pressure is
also called the design pressure is the same as this except that we have pick up the value
corresponding to this A/A star, we pick up the supersonic value from the table. Here we

picked up the subsonic value, here we pick up the supersonic value from the table times
P0/1.8929.

What you need to understand and appreciate is the change in the exit state from here to here
with just a slight reduction in the ambient pressure okay. That is an extremely important point
that you need to appreciate okay. Let us go the next one and then maybe we can discuss this a
little bit more. So now we will discuss whatever you are talking about.

(Refer Slide Time: 18:27)
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Now we talked about a sequence of events starting from a little bit of flow to these situations.
So if you remember let me just go back a little bit and show you that so we are going to for
each one of this case that we are talking about we are going to show the variation of pressure
along the length of the nozzle for each one of the case that we discussed now okay.

(Refer Slide Time: 18:53)
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First one was this, second one when the throat Mach number became 1, third one when there
was a normal shock just downstream of the throat fourth one further downstream, fifth one
when the normal shock was at the exit and then shock free okay. So we are look at variation
of pressure along the length of the nozzle in this case. So this is the inlet, this is the throat

section, this is the exit section okay.

So notice that first case, the pressure of the throat is not = P star so we just establish a flow so
it is subsonic fully, accelerates a little bit in the convergent portion then decelerates, fully
subsonic, isentropic but throat pressure is not equal to critical pressure. B, same situation,
isentropic, accelerating in the convergent portion, decelerating in the divergent portion, but

this P=P star as you can see from here.



So here we have written P/P0 okay so this 0.53 is 1/1.8929 okay. So we have written that here
so this P=P star. Now we lower the pressure a little bit more so you see a shock just
downstream of the throat. Notice that the pressure remains same, the pressure variation
remains the same up to the throat right because M is already = 1 at the throat then it changes

further down here.

And then you get a shock wave, which stands here deceleration here. I lower the ambient
pressure a little bit more, the shock moves as you can see further downstream and again you
get a normal shock like this. Notice that because this part of the flow remains the same, the
mass flow rate also remains the same. So the mass flow rate increases from here, initially it

was 0, it keeps increasing until P throat becomes = P star.

Once P throat becomes = P star, mass flow rate then remains the same right. So now we are at
a situation that the normal shock is here. If I lower the ambient pressure little bit more, the
normal shock stands at the exit as you can see. What is special about situations a through e is
that the Mach number at the exit is subsonic and consequently the pressure at the exit is also

equal to the ambient pressure.

Now if I lower the ambient pressure little bit more, then the normal shock jumps out of the
nozzle and the flow becomes fully isentropic, so the pressure variation in this case is along
this line without this it is along this line, shock free but notice that in this case the ambient
pressure is probably let say as a value somewhere over there, but the exit pressure is
somewhere over here.

(Refer Slide Time: 21:49)



So when this happens you notice that we now have a situation where corresponding to this
case the P exit or which is P2 is actually less than the ambient pressure right. Do you see this
point? This is an extremely important point which does not happen in the case of a
convergent nozzle okay.

(Refer Slide Time: 22:14)
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Let us go through this one more time. So if you go to this situation notice that when the shock
stands at the exit, this is my exit pressure which is also equal to the ambient pressure because
the flow is subsonic. So I lower my ambient pressure just a little bit from here when I do that
the flow becomes something like this. So the P ambient isobar is still over there whereas the

exit pressure now is over here.



So the exit pressure is actually much less than the ambient pressure in contrast to what we
saw in the case of a convergent nozzle. Now this means the flow is actually over expanded
because it is coming out at a pressure which is less than the ambient pressure.

(Refer Slide Time: 22:55)

So the flow in this case is said to be over expanded. We can never have over expanded flow
in a convergent nozzle because the Mach number can never become supersonic, can always
be only 1, it can never become supersonic, which means that in this case after the flow comes
out right, it needs to equilibrate with the atmosphere which means it needs to be compressed
okay.

(Refer Slide Time: 23:30)

So if you look at the jet as it comes out, the jet looks something like this. We will discuss the

structure of the jet in much greater detail in the subsequent chapters, but for now what we are



going to say is if P exit=P ambient as we said earlier, the jet comes out like this. This is the
jet, the diameter of the jet=the exit diameter and if P exit is more than P ambient then that

means the flow has to be expanded outside.

So the jet actually swells right expansion means swelling. So this corresponds to the case
when P exit=P ambient. Now if P exit>P ambient that means the flow has to be this is under
expanded and this is correctly expanded. So if this happens then as we said earlier, the jet
swells when it comes out so it initially swells like this and then it will equilibrate and then

keep going like that okay.

So normally what happens is you get a sequence of expansion fans here which expands the
flow as it comes out and then tries to equilibrate it with the ambient. So that is why the jet
actually the diameter becomes larger than the exit diameter. Now in the case that we just
discussed the flow is actually over expanded, which means it needs to be compressed and let
us see what that looks like.

(Refer Slide Time: 25:48)

So here we have a situation where the exit pressure P exit is less than P ambient and this is
over expanded situation so that means the jet has to be compressed outside the nozzle so
which means if it is compressed then if it has to be expanded then the jet swells if it has to be
compressed then it shrinks okay. So the jet becomes something like this and we usually get an

oblique shock, which is generated from the corner.



So what happens is when the normal shock sets just at the exit, it is a normal shock,
remember what did we say about normal shock, it is called a normal shock because there is
no change in flow direction after the flow goes through the nozzle right. So when you had a
normal shock here, the pressure was very high when you lower the ambient pressure, the
normal shock jumps out, but it is no longer a normal shock, it becomes an oblique shock

okay.

It 1s no longer a normal shock, it becomes an oblique shock and there is a change in flow
direction in across an oblique shock okay. So this is something that we will discuss further
down. So this is what happens so the jet is compressed when it comes out in this case okay
and that is what is illustrated in this figure also let us take a closer look at this figure.

(Refer Slide Time: 27:20)
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So you can see that when we just lower the pressure here from this location up to the situation
when the ambient pressure becomes equal to the exit pressure the flow is going to be over
expanded. So it was subsonic up to here and then it becomes supersonic beyond this point
okay. So now we can see that from here up to here, the exit pressure is less than the ambient

pressure correct.

At this location, the exit pressure becomes equal to the ambient pressure. Now I can continue
to lower the pressure even more and if I do that then we can see that the flow becomes under
expanded. Now the exit pressure is actually more than the ambient pressure and the jet is
under expanded, which is the same as what we saw with the convergent nozzle. This kind of

situation arises with the rocket nozzle.



For example, you may design the rocket nozzle for operation at a certain altitude right. Let
say you design it for operation at 10 kilometers where the ambient pressure is some value less
than the sea level static pressure. So when the nozzle takes off at sea level, the ambient
pressure is actually more than the exit pressure or exit pressure is less than the ambient

pressure.

So the flow is going to be over expanded until the rocket reaches the design altitude where it
becomes correctly expanded and then when it continues to go above, the exit pressure is
actually more than the design pressure, which means it is under expanded now. So it starts out
as over expanded, correctly expanded, then under expanded. So this kind of situation is seen

in real life with these types of nozzles with the convergent-divergent nozzle okay.

Now let us take a look at the importance of this in a propulsion context. Why is this important
in a propulsion context because remember we use the convergent-divergent nozzle so that we
could recover the thrust, some of the thrust which was being lost you know we wanted to
recover. So what is the impact of this type of a situation on the thrust? So as you already said

if the flow is under expanded, then the expansion takes place outside.

As you saw here if the flow is under expanded, then the expansion takes place outside even in
this case the expansion takes place outside and there is going to be a loss of thrust because the
expansion is not against a solid surface so there is a loss of thrust. What about over
expanded? That is what we have to see next. We can look at this with a similar kind of
diagram that we drew earlier okay.

(Refer Slide Time: 30:06)



So let us go to over expanded situation same situation I am going to draw. I am going to draw
the pressure arrows. What I am going to do now is [ am going to draw arrows just like we did
before corresponding to the local pressure. Ambient pressure is a certain value right. So let
say that the ambient pressure looks like this. The ambient pressure is constant. This is my

ambient pressure the vector corresponding to ambient pressure.

And if you sketch the pressure inside the nozzle right, so this is going to look like this and the
pressure continues to change so initially the vector maybe very long. Notice that the pressure
is very high initially and then the pressure decreases as we showed. Notice that at some point
here if the flow is over expanded, at some point in the divergent portion the pressure inside

the nozzle becomes less than the ambient pressure correct.

If you think about it if you look at this figure here notice that if the ambient pressure is at this
value for example the pressure at this part of the nozzle becomes equal to the ambient
pressure so from that point onwards the actual pressure inside the nozzle is less than the
ambient pressure and that is what you are also seeing here. So at some point inside the nozzle

the pressure becomes less than the ambient pressure.

In this case if you remember the flow through the nozzle is in this direction. So we are trying
to develop a thrust force in which direction? Going this way right so if this pressure becomes
less than the ambient pressure then this part of the nozzle is actually producing drag and not
thrust. In fact, I can actually remove this part of the nozzle. It is as if I actually have a nozzle

which is only shorter than the entire nozzle.



Because this length of the nozzle is working against me so that is the problem with over
expanded flow. Over expanded flow is highly undesirable in a propulsion application because
of the loss of thrust. Under expanded is somewhat better because the pressure is higher here
so you get thrust throughout plus you also get some thrust from here, but the expansion

against the air is not good so that we can try to avoid.

But over expanded flow is very bad because you start losing thrust in part of the nozzle itself,
so this part of the nozzle is actually not doing what it is supposed to be doing. In fact, I will
be better off if I remove this part of the nozzle correct. So as I said if you design a rocket
engine for operation at a certain altitude and you operate it at altitudes below that then the

flow is over expanded.

And when the over expanded so the thrust that the engine produces will also be less than
what you want which is why actual rockets will use multiple stages. So each stage is designed
for a certain altitude and the nozzle will only operate around that altitude not too far away
from that altitude. So you cannot have a single rocket nozzle from sea level all the way to

outer space.

Because of this problem you try to have multiple stages, each stage being optimized for a
certain altitude or operation around a certain altitude okay that is generally what is done to
avoid this problem. Another way to avoid this problem is to use something called an altitude
compensating nozzle. There are nozzles which actually make the adjustment as the altitude

changes.

They will automatically adjust themselves to compensate further loss of thrust so those are
actually much better. Although, they have not been realized in practice, they are very good on
principle okay. We will try to discuss this later on when we have time okay if we have time
okay. Any questions so far? What we are going to next is work out an example illustrating

some of these concepts.

So the problem statement reads like this. A converging-diverging nozzle with an exit to throat
area ratio of 3.5 operates with inlet stagnation conditions 1 MPa and 500 kelvin. Determine

the exit conditions when the back pressure is a 20 kilopascal and b 500 kilopascal?



(Refer Slide Time: 36:59)

So we have a convergent-divergent nozzle. So this is the throat, so it is given that the exit
area A exit to A throat=3.5. It is also given that PO=1 megapascal and TO=500 kelvin. So we
are asked to determine the exit state for 2 different back pressures, the first back pressure
being 20 kilopascal, So here we have P ambient=20 kilopascal.

(Refer Slide Time: 38:19)
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So we go to the tables and for a correctly expanded flow with Mach number at the exit being
supersonic we get from the isentropic table let say P0,1 just to be on the safe side over P exit
is equal to so here 1 is the inlet state so let me just mark this as 1 to be the inlet state so
P0,1/P exit is 27.14 corresponding to supersonic exit Mach number and TO,1/T exit to be
2.568 and M exit=2.8.



Since P0,1 is known so from this I can calculate P exit=P0,1 which is 1000 kilopascal/27.14
so that gives me 36.85 kilopascal. So the given value of exit pressure ambient pressure is 20
kilopascal so there are no issues so the flow is actually under expanded right so flow is under
expanded so T exit can also be calculated from the above expression T exit=T0,1/2.568 and I

get this to be 195 kelvin right.

So the flow is under expanded with exit pressure equal to this, exit static temperature equal to
this and exit Mach number equal to this. These are the exit conditions when the ambient
pressure is equal to this value. The next part of the problem asks us to determine the exit
conditions when the ambient pressure is 500 kilopascal. So we know that this pressure is
quite high okay, but what we do not know is whether there is a normal shock in the divergent
portion of the nozzle or not.

(Refer Slide Time: 41:32)
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So if you revert back to this figure we can see that the design pressure P design here is equal
to as we just calculated P design=36.85 kilopascal so this is 36.85 kilopascal. We are asked to
determine the exit condition when the exit pressure is 500 kilopascal? So what we want to

find out is so this is the other isentropic solution. So I will try to determine what this pressure

value is.

Once I do that then I will know whether the flow is shock free or not. So I will determine the
exit pressure corresponding to this situation b that is sketched here and then see whether 500
kilopascal falls between these 2. If it falls between these 2 that means, there is a normal shock

in the divergent portion of the nozzle otherwise the flow is shock free okay. That is what we



are going to do next. So we do the same thing we go back to the tables and let us take a look

at the tables here.
(Refer Slide Time: 42:00)

So if you remember these are the tables that we looked up earlier you can see from here.
Isentropic table and we said that A/A star is given to be 3.5 and we wanted a supersonic
solution so we can see that A/A star 3.5 comes, you can say that it comes somewhere here and
this was a supersonic Mach number that we picked up earlier 2.8 and A/A star 3.5.

(Refer Slide Time: 43:45)

Now for the same A/A star we want to pick up the subsonic value right which means I do this
so you can see that for A/A star of 3.5 corresponding to the subsonic portion, the Mach

number comes somewhere here between 0.16 and 0.17 so what is the exit pressure



corresponding to this. So we pick up the PO/P from here and then calculate the exit pressure
corresponding to that okay.

(Refer Slide Time: 44:11)
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When it falls in between 2 values so you can see that from the isentropic tables corresponding
to A/A star=3.5 we see that the exit pressure lies in between 2 entries so basically it lies
between these 2 things 1.01803<P0,1/P exit<1.02038. So where do these numbers come
from?

(Refer Slide Time: 44:56)

Again if you go to the table you can see that so for 3.5 falls between these 2 right so you can
see 1.01803 and 1.0238 so these are the 2 values that we are talking about, so it falls between

these 2 values and if you convert this to pressure then this actually says that the exit pressure



lies somewhere between 980 kilopascal and 982.29 kilopascal. So the given value is 500
kilopascal correct.

(Refer Slide Time: 45:50)
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So if you revert back to the other figure you can see that so you can see that this pressure the
pressure corresponding to b is now about 982 kilopascal and this was about 36 kilopascal
corresponding to f, the given value of 500 kilopascal lies between b and f so that means there
is a normal shock somewhere at the divergent portion of the nozzle okay and so that is what

we have to calculate next.

So normal shock stands somewhere in the divergent part of the nozzle. So what we need to do
now is figure out where the normal shock is going to sit okay. So as you can see from here,
the normal shock can be anywhere in the divergent part of the nozzle. So for the given value
we need to figure out where the normal shock sits in the divergent portion. This can be done

in 2 different ways, one is an iterative method, which maybe slightly quicker.

Other one is slightly more involved, but it will give you an answer in 1 shot okay. We will do

this in the next class.



