+ Define a second-order tensor called the stress tensor (g ) in order to

adequately describe the surface stresses at a point m the flow,

Diagonal components of the Off-diagonal components,
stress tensor, 0., 0., 0,, are 0,, 0, etc, are called shear
called normal stresses stresses

* The 9 components of the stress tensor in Cartesian coordinate on the
right, top and front faces are shown in figure

Now, if you come back to the surface forces, like for example, for tetrahedral structures like
this where you have dx, dy, and dz components are there, and your axis is like this, x direction,
y direction, and z direction. So, you can define the surface forces as a stress tensor. Stress
means what, force per unit area. So, you can define as a stress tensor. So, this stress will have

nine components. You could have this knowledge in solid mechanics.

I am just repeating it. There is not much difference between solid mechanics and fluid
mechanics when you consider at stress level. So, we have stress tensors in order to describe
all surface force components. That is what will have nine components which will have, as you
know the subscript describes that. The stress in the z direction acting on the face whose normal

is eight directions. This is similar notation to what we use in solid mechanics.

Oxx Oxy Oxz
o;j =|%x Oyy Oyz
Ozx Ozy Oz

So, you have the stress tensor coordinate systems defining nine stress components. If you look
at that, if you take this diagonal component which is the normal component to this surface like
Oxx» 047, these are all normal components. That means these are compositions of the pressure

force and the viscous force component. But the diagonal component what we have is gy, 0y,

and all, which is acting tangentially.
So, basically these are the viscous terms. So, over the surface we can define it, which is the

shear stress components or the viscous stress component. So, these nine component of stress

in Cartesian coordinate is defined in this surface. So, we can solve the problems considering
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the surface force defined as stress tensors and defining as normal stress and the shear stress
component. The normal stress is a composition of pressure and viscous stresses, whereas shear

stresses 1s only the viscous stress that we get.

(Refer Slide Time: 30:55)

* Surface force acting on a differential surface element

dF, o = 0y, ndA

* Total surface force acting on control surface

Surface force acting on a differential surface element
_ AN
dFsurface = 0Ojj- ndA
Now, if I have the stress component there and I have the normal vectors, if I resolve the force
components, I will have the scalar product between the stress tensor and the n vectors, that is
how we do it. And for the total surface area we do surface integrals to compute it, okay? Please

do not be more worried about how we are having a scalar product of stress tensors and normal

factors which will be coming to be again a second order vector components.

You try to get the mathematical point of view of that or different literatures nowadays available,
you can understand the physics behind that, how mathematically we represent this stress
tensors and the dot product or the scalar product of the stress and the normal vectors or any
vector quantity. So, if it is that, you can integrate it to get all the stress components. So, total
force acting on the control volume will have the body force component and surface force
component.

Total surface force acting on control surface

- A
Z F = j O-ij' ndA
surface cs

The body force component will have volume integrals of rho g dV, g is the vector quantity as

we consider the g, acceleration due to gravity can have a vector commodity with three scalar
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components of gx, gy, gz. That means what I am defining is g = gx I + gy j + gzk. So, you can
define like this. But many of the times we make alignments in such a way that only this k

direction or negative direction and k is in upward direction.

We define the g that becomes a scalar quantity acting downwards. That is what happens. But
if you are solving the problem where you do not know the direction of g vectors which is equal
to gx [ + gy + gzk, then you need to do the volume integrals to solve the problems and this is
the surface integrals over this control surface to get what is the force acting on the surface.

Total force acting on control volume

- = - - A
zF = ZFbody +ZFsurface — j png +J O-ij-ndA
cv cs

(Refer Slide Time: 33:22)

Then, we will go for simplification of this one. If you look at these things, it looks very
complicated. We cannot apply simple example problems that we encounter as a civil engineer
or mechanical engineers. What is the total force acting on the surface will be the body force
and the surface force and this two integrals will tell me, one 1s volume integrals and other is

surface integrals.

- - = N A
zF = EFbody +ZFsurface — j png +J O-ij-ndA
cv cs

Now, if I divide the force components, that means, the total force will be one component from
this body force, it is gravity force component. The surface force component we can resolve it
into the force due to the pressure, force due to viscosity, force due to the other reactions. That

means the reaction component of force. See, if I resolve this force component and if we can
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have a simplification like the cases where the viscous force is not dominated, then we can make

it 0, or other forces not dominated we can make it 0.

z F = z Fgravity + z Fpressure + z Fviscous + z Fother

That way, since we have resolved it or we separated the force components due to the pressure,
due to the viscous, and separately for different types of problems we can simplify these
equations and focus on the force components only due to the pressures or due to viscous or due
to other components.

(Refer Slide Time: 34:54)

* A common simplification in the application of Newton's laws of

’ :
motion 1s to subtract the atmospheric pressure and work with gauge

pressures

* atmospheric pressure acts in all directions, and its effect cancels out
in every direction, when performing torce balances

Pressure forces can be ignored at outlet sections where the fluid is
discharged at subsonic velocities to the atmosphere since the
discharge pressures in such cases are very near atmospheric

pressure

Now, let us consider very important component before applying this linear momentum
equations. When you apply a linear momentum equations to a control volume, like I have the
control surface like this, if you look at this control surface, in these three phases we have the
pressure is atmospheric pressure. Here I have the absolute pressure, that means atmospheric

pressure plus the gauge pressure.

If I look at any control volume I consider, the control surface always will have pressure equal
to the atmospheric pressure. That means, if you can understand it, if I take a control volume,
everywhere I will have atmospheric pressure, then the absolute pressure from some locations.
So, if I consider the atmospheric pressure is acting throughout this control surface and do
surface integral, if the pressure is having the direction, and if I do a surface integrals over this,

1t will be cancelled out and becomes 0.
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So, considering that what we generally do it we nullify the atmospheric pressure component,
because as you know when we integrate it the surface integrals of the atmospheric pressure for
any control volume that becomes 0. So, we consider only the gauge pressure when you define
the pressure diagrams for a control volume. For example, in this case, the atmospheric pressure

components are given and this direction this pressure is equal to P 1 is the absolute pressure.

So, finally what we do is that we do not consider this pressure distribution as I said earlier. So,
this part will be the gauge pressure, the difference between the absolute pressure and the
atmospheric pressure. Then, we have the two force components working, one is the body force
component and the other is the other reactions components. So, finally we use this control
volume, a simplified control volume nullifying the atmospheric pressure distribution over the

control surface.

We consider this control volume and the pressure diagram to solve the problems. That is, the
atmospheric pressure acts in all the directions. Its effect is cancelled out in every direction
when performing the force balancing, that is what I am saying, when you do surface integrals
of this constant, pressure distribution in a close control volume, that is supposed to be 0 as it

happens here. All these direction angles cancel out each other.

So, the pressure forces can be ignored at the outlet where the fluid is discharged at subsonic
velocity to the atmosphere. Another assumption which 1s quite valid i1s that if you have
subsonic flow, almost all times in civil engineering problems we get the subsonic flow, sonic
or supersonic flow. In that case, the pressure force we generally we neglect in that state, as the

discharge pressure in such cases is very near to the atmospheric pressure.

So, if you look and measure the pressure at that location when you have an outlet discharge,
then that becomes the atmospheric pressure. So, we neglect that atmospheric pressure
component if you have free outlet discharge. The point what I am trying to tell you is that we
work with gauge pressure when you have defined the simplifications of control volume
concept.

(Refer Slide Time: 39:05)
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* Control volume analysis of water flowing steadily through a

faucet with a partially closed gate valve spigot.
* There are many possible choices for the control volume selection.

» Some engineers restrict their control volumes to the fluid itself, as
indicated by CV A,

*  When choosing a control volume, you are not limited to the fluid

alone. Often, more convenient to slice the control surface through
solid objects such as walls, struts, or bolts as illustrated by CV B

Now, another point is how to choose control volume, because that is what the art is, like you
do free body diagrams in solving solid mechanics problems. Similar way, drawing the
appropriate control volume is an art. That is what you have to learn by solving many problems
using the control volume concept. Like, for example, what I need to do if do take this problem,

okay?

So, that means there is water coming and there is a bolt holding the water outlet point and there
is the spigot, and we have water coming out. I can have a control volume like as given here
CV control volume, which is the wall surface touching only this water part if I consider the
control volume. We do not know what is the stress acting over this surface. That is unknown

to us.

Also, we do not know what is the pressure distribution at this point. So, when you draw this
type of control volume, where over this control surface we do not know it, we cannot solve the
problem. Instead of that, if I take a control volume like this, it is control volume B, if I look at
this control volume, very clearly I know inflow, I know the weight component, one is water

weight component and another is weight component of this tap or this spigot part.

Then, I also know this direction and q out from this. So, if I consider this control volume and
over this P will be the P atmosphere. So, this problem becomes simple. If I just want to know
how much of force is acting because of this flow orientation, so I can compute the force

components to find out how much force is acting on this bolt. So, the point is that it is
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engineering skill or art to be developed by the students how to use the control volume concept.

How to define the control volume for a flow system so that you can easily solve it.

And another thing what we do is that when you define the control volume, the control surface
and the velocity should align to that. That means what I am telling you is that if my control
surface 1s like this, 1f I have a normal vector to that, this is the normal vector, so V should have
either 180 degrees in the same directions making the n vector and the v vector. If you do that,
your scalar product becomes easy to do.

If0 =0° cosd =1,

if 8 = 180°, cos @ = —1.

So, that way, 1t simplified this vector product. What you use in this thing is that the velocity
and the normal vector they should have either 0°or 180°. That i1s what my point is. We can
consider the control surface which will be with respect to velocity. We can take any shape, but
when you take arbitrary shapes if your V and n is not having 0 or 180, finally you end up doing
a scalar product, do surface integrals to solve the problem which is more time consuming and

laborious, but the results will be the same.

So, what you have to look 1s how to define the control volume and the control surface in such
a way that the target of your problems you have to solve it. That is art. That is what the art I
will discuss in today’s lecture. We will talk about the different types of control volume to use
it. Next class onwards I will flow with how we should use appropriate control volume to solve
the problems.

(Refer Slide Time: 43:27)
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Newton's second law for a system of mass m subjected to net force J. F is expressed as

; - ;i
) F=ma=m = —(mV) ) - pVd
/ Is Th / dt
- dt di & |

Using the RTT, the linear momentum mV relation can be expressed 8s:  Linear momentum mV

Now, coming back to applying the Reynolds transport theorem we have to write the linear
momentum equations. At this systems level force is equal to mass into acceleration. That
means, at the systems level force will be mass into acceleration as you know from basic solid
mechanics. So, when I derive it at the systems level, the momentum flux, that is B, is my

momentum flux. That means that should equal to net force acting on that.

That is what is the system. And at the control volume levels, as B is equal to mass into
momentum flux, the v, the intensive property becomes velocity vectors. If I apply with this, I
will get this equation. So, this is the general equation for a control volume. We can have a V
here. For moving control volumes we can use the relative velocity component and V is the

velocity vector and V r is the relative velocity vector.
Using the RTT, the linear momentum mV relation can be expressed as:
Linear momentum mV
B=mV
b=V
d L, d — o o
- (MV)5ys = 2 F=— j Vpav | + f Vp(V, - 7t)dA

Vcv Acs
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So, this is the basic equation which is linear momentum equation in Reynolds transport theorem

point of view.

(Refer Slide Time: 44:55)

\ g u‘l’ Fadv | 4 A‘;' S e [P*I(SJW/C
I (“(m“hd\ ) w".l{.(l it )dA o FI D A1 F’.W'ffj

[n most flow systems, the sum of forces ), F consists of

—

weights, pressure forces, and reaction forces.

(rage pressures are used here since atmospheric pressure

cancels out on all sides of the control surface.

This equation will be simplified to solve the problems because, as of now, this problem we
cannot solve because it has surface integrals and it is also having volume integrals. So, let us
consider I have a fixed control volume, that means control volume is fixed. So, your V r
becomes V in the case of this. So, you have volume integrals and surface integrals like this.

d L, d _, o

—= (MV)gys = zF = vadv + pr(V-ﬁ)dA

Vv Acs

This is my control volume. The flow is coming from this.
Flow is also coming from this. Both the sides flow is coming in. And there the pressure is
acting on P1 and P2 and A1 and A2 and there is a weight and there is reaction force acting on
that. This i1s a A1 and Az and this is pressure diagram. If it is that, this force can have, as I said
earlier, we will have body force component which is the weight, the pressure forces, and the

reaction forces at this point where we are getting the reaction forces.

Also another reaction force is attached to this. Here there are two contact points, at this and
this. So, we can use gauge pressure. You need not do the integration over this. You can use
a gauge at this two points to find out the pressure force component due to the flow.

(Refer Slide Time: 46:18)
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* Inatypical engineering problem, the control volume

may contain multiple inlets and outlets; at each inlet or

outlet we define the mass flow rate m. and the average

velocity V..
* For simplicity we always draw our control surface such

that it slices normal to the inflow or outflow velocity at
each such inlet or outlet

Mass flow rate across an Inlet or outlet Momentum flow rate across & uniform inlet or outlet

) (V.n)dA v, | / oV (V.M dA

Now let us consider special cases. Like, many of the times, any industry if you look, there are
network of pipes and connected to the tanks and all. Similar way, there will be a series of
inflows, a series of outflow. If you have that type of concept, like, this is a fixed control
volume, you have a series of inflows like 1 and 2 are the inflows, and 3, 4, and 5 are the

outflows.

So, through this control surface if you look, we are talking about not only the mass flux coming
into this control volume but we are talking about momentum flux. The momentum flux will
be the mass flux, mass per unit time into the velocity, that is what will be the momentum flux.
So, through this control volume we know this momentum flux. Through this control volume,

what is the momentum flux coming into?

Through this control volume what is the momentum flux going out, and going out from this
case, and this case, okay? So, basically, if you look, we can compute the momentum flux
coming into this control volume and also going out. So, we have multiple inlets and outlet,
then you can find out how much of net momentum flux is there in this control volume, just like

we did for the mass flux in mass conservation equations.

Here, we are talking about net momentum flux passing through this control volume which will
be equal to the net force acting on this control volume. We know force is equal to mass into
accelerations. He same concept we are considering here as a change of the momentum flux

within this control volume, that will be equal to the net force acting on this control volume.
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So, now, if I consider velocity distributions are there, velocity variations are there, then, you
know this mass flow rate, across this inlet and outlet we can have surface integrals to find out
the mass flux. So,

Mass flow rate across an inlet or outlet:

m=| p (I_/) n)dA; = PVavgAc
Ac

Similar way, we can find out momentum flow rate, momentum flux, if you assume it is a
uniform inlet. That means your velocity is not changing. Momentum flow rate across a

uniform inlet or outlet:

f p‘_/) (]7. T_i)dAC = pVangCVavg = mVavg
A

c

V average is constant or the velocity variation is not there. That is what you call the uniform
velocity. That condition does not vary. But some of the cases we can simplify that, okay? So,

in that case, if in a surface velocity does not vary, so we can define it as mass flux, pV,54,,

that will be the mass flux, V average with the velocity, that will give the momentum flux.
So, here what we have considered is a uniform distributions of velocity. That is real fluid flow

condition, we will have the correction factor for that.

(Refer Slide Time: 49:40)

the velocity across most inlets and outlets is not uniform. Hence we can convert

the control surface integral into algebraic form, but a dimensionless correction

factor 2, called thz mmomentum-flux correction factor

* [ =i for the case of uniform flow ever an inlet or outlet.

Momentum flux across an inlet or outlet

Entrance to Wind Tunnel

So, if you look it that way, now we can write the momentum equations in different forms

considering the velocity distribution. That is the reason we introduce correction factors. That
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means, as we know it, the velocity distribution is not uniform for real fluid flow problems,
computing this momentum flux using the average velocity, then what could be the correction

factor for that.

That 1s what is called the momentum flux correction factor. Let me repeat that thing. You
know for real life fluid flow systems, like for example, I have three examples here, okay? One
of the examples is that there is well-rounded entrance to the pipe. The flow is coming from
this, very well rounded, so you will see the velocity distributions will be there. At the wall it

will be 0, then velocity distribution will be O.

Similar way, you have a larger pipe section, wind tunnel section, then it is coming as test
sections like this. This is the test section, okay, wind 1s coming through that. So, you know,
over this control surface the velocity will be 0 here, then distributions, then coming back to
that, or you have free water jet coming into air. So, you will have this. Most of the times what

we have 1s absolute, where the fluid is turbulent.

No doubt you will have 0 velocity at the wall locations. The pipes or the test section is
stationary at the rest conditions. The velocity distribution 1s more or less uniform except at the
wall location. So, we can use average velocity concept for that. The V can be approximated
as average velocity for all these cases. If not, let us have the pipe flow, the laminar pipe flow,
so as you know you, velocity distribution will be 0 at the pipe contact location, the maximum

velocity will be at the center.

So, there will be the parabolic distribution of velocity. In that case, as the velocity is not
uniform, you need to have correction factors for computing the momentum flux. If we are
computing momentum flux using average velocity concept, that is what is the correction factor.
So, you try to understand it. So, if you are computing the momentum flux based on the average,

then you should have a correction factor for that, okay?

Let us have this, the momentum-flux correction factor which will be the dimensional correction
factor of beta where the velocity in most of the inlets are not uniform, we can convert this
control surface integral to algebraic form. That is what it is here, okay? Because V average
computations are easy and you know this mass flux in and out for each control volume, inlet

and outlets, so you can compute the momentum flux.
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And since you are using the average velocity to compute the momentum flux, you also consider
the velocity distribution in terms of correction factors, that is what the § value is in terms of
correction. So, finally, your surface integral part and the volume integral part will come like
this. Ifit 1s a steady problem, this becomes 0. Again, you have a very simplified case.

- d — . — . —
ZF=— deV+z,8mVavg—z,8mVavg
a ).,

out in

Sum of the force acting on that will be equal to the net momentum flux passing through this
control surface, that is what will come, okay? So, let us have this for uniform flow. So, § will
be equal to 1 and this thing if I do the integration of the velocities and the scalar products of V
and n over a surface Ac, and that is what I am representing in average. So, f will come to be

this part or with the simplification § will come this way.

If I know the velocity distribution, I know the average velocity. If I do this integration, [ know
this surface area, then I can compute what will be the beta value for a velocity distribution
coming into a cross section. Like, I have a pipe of laminar flow, a pipe of turbulent flow, or it
is an open channel flow it is connecting, but each case we know approximate velocity
distribution. That means, for each case we know what is the § value.

j lOI—/> (V)ﬁ)dAc = IBmVavg
A

v (ViddA: f, pV (V.1D)dA,

mVavg P Vangc Vavg

p= <V>2dA
Ac M Vavg ‘

So, if I know the f value, then we need do the integrations again. We use that beta value to

convert from average velocity data to the momentum flux. So, that is the advantage to use the
momentum-flux correction factor.

(Refer Slide Time: 55:01)
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[o measure the force exerted by a jet on a flat plate normal to the Jet.

*  Ajetof fluid emerging from a nozzle his some velocity and hence kinetic energy
% I this jet ction placed tn its puth, it will exert a force on the obstruction

% This impressed force 15 known as impact of the jet.

Flow classification: One dimensional, Steady, Turbulent, Fixed control volume

,'Ihrnu‘nud t”” ]

V= Velocity of Jet = Q/a

; calculated by taking moments
Fxperimental = gy ="\ about the fulcrum

Distance of vane from fulerum 15 0.135 m

Now, before concluding today’s lecture, let us see the figures, what is there, very simple
experiment 1s impact of jet experiment. If you look at this jet, the water jet part is here and it
is balanced by the weight here. So, we can know what is the velocity of impact if happening
and that is how much of weight we are counterbalancing it. So, if you know it, theoretically,
you know this is the control volume, you have water jet coming in and that water jet is going

in these two directions.

If you look at this photograph and this simplified conceptual diagram, you can find out that.
So, theoretically,

— 2
FTheoretical - paV

V= Velocity of Jet = Q/a

It is a momentum flux. p and V square will be the momentum flux that is impacting on that
because in this direction the output momentum flux is 0. So, what is influx that is converted
to the force component and you have experimental, then, definitely there is a deviation from
the experiment and theoretical because any systems like this jet apparatus, it has some degree
of loss.

mgl
F Experimental — m

Distance of vane from fulcrum is 0.135 m

F Theoretical ~— F Experimental
%Error = ( £

) x 100
F Theoretical
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So, we cannot have exactly whatever the theoretical value. We will have deviations from that.
That 1s why we compute the error. The deviations between the theoretical and experimental
divided by theoretical, that is what gives us the error. So, this type of simple apparatus will be
there in any engineering colleges, so you can see that how the force is acting because of jet

impacting on that plate.

That 1s the condition. This is very simplified case. Here impact is normal to the plate. You
can have many numerical examples where the plate can be inclined or the flow jet can have an
incline and different conditions, we will also discuss in the next class.

(Refer Slide Time: 57:15)

Summary of the Lecture

1. Application of Fluid Mechanics in Bhakra-Nangal Dam

2, Previous GATE Questions on Conservation of Mass

3. Reynolds Transport Theorem (RTT) for Linear Momentum
4, Types of Control Volume: Fixed and Moving Control Volume

5. Forces acting on a Control Volume

+ Body Forces: Gravity, Electric and Magnetic Forces
+ Surface Forces: Pressure and Reaction forces

4, Use of Momentum Flux Correction Factor

5. Impact of Jet Experiment

So, with this let me summarise today’s class. We started with very interesting Bhakra and
Nangal dam project. If you are that interested, you just get more data available, but I can say
that because of that dam project we have changed the irrigation, hydropower generation, and
water resource management in Himachal Pradesh and part of Uttar Pradesh and all. So, all
because of the knowledge of fluid mechanics way back in 1950s and 1960s, that is how that is

possible.

Now, we have more advanced way to understand the fluid mechanics. As I told earlier, we can
solve many, many challenging problems apart from the standard problems. And we also
discussed about the Reynolds transport theorem for linear momentum equations. The problems
I have not solved, in the next class I will solve the problems and try to know how to know to
use the control volume appropriately so that we can solve the problem with less timing and in

proper way.
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That 1s my point. So, we can solve problems or the exercise from any of the reference books.

With this, let me conclude this lecture. Thank you.
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